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THE  COMPARATIVE  VALUE  OF  CORTISONE,  17-HY- 
DROXYCORTICOSTERONE  AND  ADRENAL  CORTEX 
EXTRACT  GIVEN  BY  CONTINUOUS  INTRAVENOUS 
INJECTION  IN  SUSTAINING  THE  ABILITY  OF  THE 
ADRENALECTOMIZED  RAT  TO  WORK 

DWIGHT  J.  INGLE,  JAMES  E.  NEZAMIS 
AND  ERVING  H.  MORLEY 

Research  Laboratories,  The  Upjohn  Company,  Kalamazoo,  Michigan 

DURING  the  past  18  years  one  of  us  (D.J.L)  has  used  the  work  per¬ 
formance  of  the  adrenalectomized  rat  as  a  criterion  of  the  biologic  po¬ 
tency  of  adrenal  cortex  extracts  and  steroids.  The  ability  of  the  adrenalec- 
tomized-nephrectomized  rat  to  work  in  response  to  faradic  stimulation  of 
the  quadriceps  muscle  is  the  most  severe  test  of  the  efficacy  of  replacement 
therapy  with  which  we  have  had  experience.  In  earlier  studies  (Ingle,  1940; 
Ingle  and  Kuizenga,  1945)  it  was  not  found  possible  to  fully  replace  the 
secretion  of  the  rat’s  own  adrenal  cortices  by  the  administration  of  any 
one  of  the  known  biologically  active  adrenal  steroids.  However,  these  com¬ 
pounds  were  administered  by  intermittent  injection,  a  procedure  which 
does  not  simulate  the  continuous  secretion  of  hormones  by  the  gland  and, 
moreover,  the  dose-response  relationship  was  not  fully  explored.  More  re¬ 
cently,  it  was  found  that  the  continuous  intravenous  injection  of  large 
amounts  of  adrenal  cortex  extract  sustained  a  normal  output  of  work  in 
adrenalectomized-nephrectomized  rats  over  a  24  hour  period  (Ingle  and 
Nezamis,  1949). 

In  the  present  experiment  doses  of  cortisone,  17-hydroxycorticosterone 
and  adrenal  cortex  extract  which  had  been  shown  in  earlier  studies  to  elicit 
maximal  work  performance  were  each  administered  by  continuous  intra¬ 
venous  injection  to  adrenalectomized-nephrectomized  rats.  The  peak  work 
performance  of  rats  treated  with  pure  steroids  remained  inferior  to  that  of 
non-adrenalectomized  rats  and  of  adrenalectomized  rats  treated  with  ad¬ 
renal  cortex  extracts. 
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METHODS 

Male  rats  of  the  Sprague-Dawlej’  strain  were  maintained  on  Archer  Dog  Pellets 
until  they  reached  a  weight  of  200  +  2  gms.  The  work  test  was  carried  out  according 
to  Ingle  (1944).  The  animals  were  anesthetized  with  phenobarbital  sodium  and  cyclopal 
.sodium  and  were  subjected  to  the  .stimulation  of  muscle  immediately  following  removal 
of  both  adrenal  glands  and  both  kidneys.  The  quadriceps  muscle  of  the  left  hind  leg 
was  weighted  with  100  gms.  A  Nerve  Stimulator,  Model  B  (Upjohn),  was  used  to  deliver 
5  pulses  per  second.  The  duration  of  each  pulse  was  20  milliseconds  and  the  intensity 
was  20  milliamperes.  The  distance  the  weight  was  lifted  was  recorded  on  automatic  work 
adders.  Each  recorder  revolution  represented  approximately  400  gram-centimeters  of 
work.  Stimulation  was  continued  until  muscular  responsiveness  was  lost.  The  animals 
were  enclosed  in  a  cabinet  with  the  temperature  constant  at  28  ±0.5°  C. 

The  adrenal  cortex  extract  was  prepared  from  .mixed  hog  and  beef  adrenal  glands  and 
contained  the  biologic  activity  equivalent  of  0.^1  mg.  of  17-hydroxycorticosterone  per 
cc.  as  assayed  by  the  liver  glycogen  deposition  test  (Pabst,  Sheppard  and  Kuizenga, 
1947).  The  adrenal  cortex  extract  and  the  two*  steroids  were  each  dissolved  in  water 
containing  5  per  cent  ethanol,  0.9  per  cent  sodium  chloride  and  the  potassium  salt  of 
penicillin  G  (Upjohn).  The  fluid  load  was  20  cc.  per  24  hours  per  rat  and  the  penicillin 
dose  was  5000  units  per  24  hours  per  rat.  The  injections  were  made  into  the  jugular 
vein  by  means  of  a  continuous  injection  machine  which  was  incorporated  into  the 
fatigue  apparatus.  Bj-  means  of  this  apparatus  12  rats  can  be  .studied  simultaneously. 

EXPERIMENTS  AND  RESULTS 

Fifteen  nephrectomized  rats  having  their  adrenal  glands  intact  served 
as  controls  for  75  adrenalectomized-nephrectomized  rats  which  were  di¬ 
vided  into  equal  groups  according  to  treatment  with  the  following  amounts 
of  hormone  per  24  hours  per  rat:  20  cc.  adrenal  cortex  extract;  2,  3  and 
4  mg.  of  17-hydroxycorticosterone;  and  4  mg.  of  cortisone.  The  test  sub¬ 
stances  were  represented  equally  in  each  individual  experiment.  Each  po¬ 
sition  on  the  12-place  fatigue  apparatus  and  each  of  12  automatic  recorders 
was  represented  equally  among  the  rats  on  each  test  substance.  The  aver¬ 
age  number  of  recorder  revolutions  per  group  together  with  the  standard 
deviations  of  the  av*erage  are  .summarized  in  Table  1. 

Table  1.  Work  performance  of  adrenalectomized-nephrectomized  rats  given 

ADRE.NAL  CORTICAL  STEROIDS  AND  EXTRACT  BT  CONTINUOUS  INTRA¬ 
VENOUS  INJECTION.  Total  recorder  revolutions,  .\verages 
AND  STANDARD  DEVIATIONS  FOR  15  R.ATS  PER  GROUP 

Experiment 

non-adrenalectomized;  no  hormone  48,637  ±2,961 

Adrenalectomized;  20  cc./24  hours 

adrenal  cortex  extract  46,292  +2,289 

adrenalectomized;  2  mg./24  hours 

17-hydroxycorticosterone  37,691  ±1,950 

adrenalectomized;  3  mg./24  hours 

17-hydroxycorticosterone  38,519  ±  1 ,999 

adrenalectomized;  4  mg./24  hours 

1 7-hydroxy  corticosterone  40 , 040  ±  1 , 7 1 0 

adrenalectomized;  4  mg./24  hours 

cortisone  40, 788  ±1,767 
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The  average  performance  of  the  non-adrenalectomized  rats  was  a  little 
greater  than  that  of  adrenalectomized  rats  treated  with  adrenal  cortex  ex¬ 
tract  but  the  difference  may  have  been  owing  to  chance.  The  average  work 
output  of  each  of  these  two  groups  was  superior  to  that  of  each  of  the 
groups  treated  with  the  pure  steroids  and  the  reliability  of  the  differences 
meets  the  usual  requirements  for  statistical  significance.  When  the  re.sults 
of  the  several  groups  treated  with  pure  steroids  are  considered  together  the 
superiority  of  the  control  and  extract  treated  animals  would  seem  to  be 
clearly  established.  The  group  differences  in  work  output  by  rats  treated 
with  cortisone  and  several  doses  of  17-hydroxycorticosterone  were  not  sta¬ 
tistically  significant  but  the  possibility  that  true  differences  exist  cannot 
be  discounted. 


DISCUSSION 

The  data  of  this  experiment  show  that  adrenal  cortex  extract  elicits  a 
greater  peak  response  in  the  work  test  than  does  cortisone  or  17-hydroxy¬ 
corticosterone.  The  amount  of  each  preparation  required  to  elicit  the  peak 
response  characteristic  of  that  preparation  was  very  large.  Ingle  and 
Nezamis  (1949)  found  that  20  cc.  of  adrenal  cortex  extract  per  24  hours 
per  rat  was  required  for  optimal  replacement  therapy  under  similar  experi¬ 
mental  conditions.  Ingle,  Nezamis  and  Morley  (1951)  found  that  4  mg.  of 
cortisone  per  24  hours  per  rat  was  required  for  a  peak  response  to  this 
steroid.  Since  17-hydroxycorticosterone  has  greater  biologic  potency  than 
cortisone  per  unit  weight  (Ingle  and  Kuizenga,  1945)  we  did  not  test  doses 
larger  than  4.0  mg.  per  rat  per  24  hours  in  the  present  experiment.  As  as¬ 
sayed  by  the  liver  glycogen  deposition  test  (Pabst,  Sheppard  and  Kui¬ 
zenga,  1947),  20  cc.  of  adrenal  cortex  extract  has  the  biologic  activity 
equivalent  of  2.0  mg.  of  17-hydroxycorticosterone. 

In  this  experiment  we  have  eliminated  one  possible  cause  of  differences 
in  apparent  efficacy  of  replacement  therapy  by  administering  the  hormones 
by  continuous  intravenous  injection. 

The  question  as  to  whether  any  one  of  the  known  adrenal  steroids  can 
fully  substitute  for  the  natural  secretion  of  the  adrenal  cortices  has  not 
been  answered  to  the  sati.sfaction  of  all  of  the  investigators  in  the  field. 
Conn,  Louis  and  Fajans  (1951),  have  suggested  that  17-hydroxycorticos¬ 
terone  may  possibly  be  the  only  natural  .secretory  product  of  the  adrenal 
cortices  and  have  reviewed  the  supporting  evidence.  The  evidence  that 
this  compound  is  secreted  by  the  adrenal  cortex  is  very  strong.  The  princi¬ 
pal  lines  of  evidence  that  it  is  not  the  only  biologically  important  secretory 
product  of  the  adrenal  cortex  are:  first,  as  shown  in  the  present  experi¬ 
ment,  17-hydroxycorticosterone  does  not  fully  replace  the  secretion  of  the 
animal’s  own  adrenal  cortices  and,  second,  extracts  of  adrenal  glands  not 
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only  elicit  a  greater  peak  response  than  does  17-hydroxycorticosterone  but 
non-crystalline  fractions  of  adrenal  cortex  extracts  (the  “amorphous  frac¬ 
tion”)  have  been  prepared  which  have  greater  biologic  activity  per  unit 
weight  than  does  any  known  adrenal  steroid  (see  Ingle,  1950  for  review). 
The  possibility  that  the  “amorphous  fraction”  represents  a  mixture  of 
known  compounds  and  inactive  impurities  deserves  consideration.  How¬ 
ever,  its  potency  per  unit  weight  in  sustaining  the  life  of  adrenalectomized 
animals  is  much  greater  than  that  of  17-hydroxycorticosterone. 

SUMMARY 

Adrenalectomized-nephrectomized  male  rats  having  an  initial  weight  of 
200  ±2  gms.  were  anesthetized  with  barbiturates  and  subjected  to  faradic 
stimulation  of  the  quadriceps  muscle  to  lift  a  100  gm.  weight  5  times  per 
second.  Adrenal  cortex  extract  and  17-hydroxycorticosterone  and  cortisone 
were  each  dissolved  in  5  per  cent  ethanol  and  administered  by  continuous 
intravenous  injection.  The  experiment  was  continued  until  muscular  re¬ 
sponsiveness  was  lost.  Fifteen  rats  were  studied  at  each  of  the  following 
dosages :  adrenal  cortex  extract,  20  cc.  per  24  hours  per  rat ;  cortisone,  4  mg. 
per  24  hours  perrat;and  17-hydroxycorticosterone, 2, 3  and  4mg.per24  hours 
per  rat.  These  doses  had  been  found  in  other  experiments  to  sustain  opti¬ 
mal  work  output  for  each  respective  preparation.  Fifteen  nephrectomized, 
non-adrenalectomized  rats  served  as  additional  controls.  The  average  total 
work  done  by  non-adrenalectomized  rats  and  adrenalectomized  animals 
which  received  adrenal  cortex  extract  was  significantly  greater  than  the 
total  work  of  rats  treated  with  optimal  amounts  of  either  cortisone  or  17- 
hydroxycorticosterone. 
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THE  DEMONSTRATION  OF  A  NON-ESTROGENIC 
UTERINE  STIMULATING  AND  ESTROGEN  AUG¬ 
MENTING  SUBSTANCE  IN  PREGNANT 
MARES’  URINE' 
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From  the  Department  of  Biology,  New  York  University  Graduate  School  of  Arts  and 
Sciences,  New  York,  N.  1'.  and  the  Squibb  Institute  for  Medical  Research, 

New  Brunswick,  N.  J. 

INTRODUCTION 

The  occurrence  of  substances,  in  the  extracts  of  human  urine  and  of 
testes,  that  are  capable  of  augmenting  the  effects  of  estrogens  or  an¬ 
drogens  has  been  postulated  and  demonstrated  by  various  workers.  Freud 
and  co-workers  (1933,  1935)  obtained  factors  from  extracts  of  testes  and 
human  urine  that  augmented  the  effects  of  androgens,  although  possessing 
no  androgenic  activity  themselves.  Emmens  (1938)  described  the  presence 
of  substances  in  the  phenolic  fraction  of  normal  human  female  urine  which 
in  themselves  were  non-estrogenic,  but  when  given  orally,  increased  the 
potency  of  estriol  injected  subcutaneously.  Emmens  (1939)  also  demon¬ 
strated  that  when  normal  human  female  urine  was  fractionated  into  phe¬ 
nolic,  neutral,  and  acidic  fractions  and  each  fraction  w'as  as.sayed  sepa¬ 
rately,  the  sum  of  the  potency  of  the  fractions  was  about  50  per  cent  less 
than  that  of  the  original  starting  material  or  that  obtained  when  the  frac¬ 
tions  were  recombined.  He  also  reported  that  both  the  acidic  and  neutral 
fractions  were  capable  of  augmenting  the  effect  of  both  estriol  and  estrone. 
Similarly,  Pincus  and  Pearlman  (1941)  obtained  data  indicating  that  nor¬ 
mal  men  and  women  excrete  non-ketonic  materials  which  enhance  the  ac¬ 
tivity  of  urinary  estrogens.  Smith  et  al.  (1939)  reported  that  pregnandiol 
and  2,7-dihydroxynapthalene  enhanced  the  estrogenic  effect  of  estrone  on 
the  vaginas  of  spayed  rats,  but  the  extent  of  the  potentiation  was  not  de¬ 
scribed. 

Sheinerman  and  Gershtein  (1947)  have  reported  that  injection  of  as- 
Received  for  publication  August  6,  1951. 
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corbie  acid  with  estrone  increases  the  uterine  weight  of  immature  mice 
about  three  times  as  much  as  does  estrone  alone,  which  observation  we 
could  not  confirm.  Schiller  (1946)  presented  data  showing  that  the  estriol 
fraction  obtained  from  pregnancy  urine  of  humans  was  more  active  than 
similar  amounts  of  crystalline  estriol  in  causing  withdrawal  bleeding  in  the 
castrate  monkey,  and  he  attributed  this  to  the  presence  of  enhancing  sub¬ 
stances  in  the  crude  extract  not  present  in  the  crystalline  estriol.  However, 
these  two  preparations  were  equally  potent  when  tested  by  the  vaginal 
cornification  technique,  using  adult  ovariectomized  rats. 

Our  attention  w'as  focused  on  this  subject  by  observations  made  during 
attempts  to  isolate  non-ketonic  estrogens  from  pregnant  mares’  urine. 
Fractionation  of  the  non-ketonic  materials  into  three  fractions  always  re¬ 
sulted  in  a  50  per  cent  loss  of  biological  activity  without  similar  loss  by 
chemical  assay.  This  suggested  the  presence  of  an  augmenting  factor.  One 
fraction  was  separated,  which  was  non-phenolic,  and,  though  not  estro¬ 
genic  in  adult  castrate  female  rats,  would  increase  uterine  weight  in  im¬ 
mature  rats  and  potentiate  the  response  to  both  natural  estrogens  and 
stilbestrol  when  measured  by  the  vaginal  smear  technique. 

METHODS  AND  MATERIALS 

Commercially  prepared  estrogenic  concentrates,  phenolic  fraction,  from  pregnant 
mares’  urine*  were  used.  These  concentrates  were  prepared  by  the  usual  solvent  frac¬ 
tionation  methods  and,  presumably,  were  entirely  phenolic  in  nature.  These  phenolic 
fractions  were  separated  into  ketonic  and  non-ketonic  fractions  by  means  of  Girard’s  P 
reagent  (Girard  and  Sandulesco,  1936).  The  non-ketonic  fractions  were  subjected  twice 
more  to  treatment  with  Girard’s  reagent  in  order  to  assure  removal  of  all  the  ketonic 
estrogens.  The  non-ketonic  fraction  was  then  evaporated  to  dryness,  dissolved  in  toluene 
and  fractionated  into  a  O.lN  NaOH  soluble  Fraction  B,  a  IN  NaOH  soluble  Fraction  C 
and  a  neutral  Fraction  D,  as  illustrated  in  Figure  1.  The  term  “neutral”  as  used  here  is 
to  be  interpreted  as  meaning  the  apparently  non-phenolic  fraction  remaining  in  toluene 
after  extraction  with  O.lN  and  IN  NaOH. 

Bioassays  were  performed  by  a  modified  Kahnt-Doisy  method  utilizing  adult  ovariec¬ 
tomized  white  rats  of  a  highly  inbred  strain  developed  in  the  Squibb  Laboratories.  As 
a  standard,  crystalline  estrone  was  used  at  three  dosage  levels.  Each  extract  was  assayed 
at  three  dosage  levels,  20  to  40  animals  were  used  per  dosage  level.  The  extracts  and  es¬ 
trone  standard  were  dissolved  in  corn  oil  and  subcutaneous  injections  given  in  two 
doses  of  0.1  ml.  each  at  5  hour  intervals.  Forty-eight  hours  later  vaginal  smears  were 
examined  for  signs  of  estrus.  All  potencies  are  expressed  as  International  Units  using 
estrone  as  a  standard. 

When  bioassays  were  made  with  different  fractions  simultaneously  administered  into 
different  parts  of  the  body,  the  active  estrogenic  fraction  was  injected  at  three  dosage 
levels  but  the  amount  of  the  inert  fraction,  such  as  Fraction  D,  was  kept  constant  at 
all  three  dosage  levels  of  the  estrogen. 

For  studies  on  the  effect  upon  uterine  weight,  subcutaneous  injections  were  given 

*  Used  in  the  preparation  of  Amniotin  (Squibb). 
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once  daily  in  0.2  ml.  of  corn  oil,  for  three  days.  On  the  fourth  day  the  vaginal  smears 
were  examined  to  determine  the  absence  or  presence  of  vaginal  cornification.  The  animals 
were  then  sacrificed  and  the  uteri  excised  and  weighed  on  a  torsion  balance. 

RESULTS 

1)  Demonstration  of  Augmentation 

The  non-ketonic  fractions  obtained  from  phenolic  preparations  71509 
and  70722  were  fractionated  according  to  the  scheme  in  Figure  1.  Each  of 
the  three  fractions  thus  obtained  was  bioassayed.  Five  equal  portions  of 
preparation  71509  were  fractionated  at  different  times  with  similar  results. 


Fig.  1.  Scheme  of  fractionation  of  the  phenolic  estrogen  fraction. 

Phenolic  fraction  from  pregnant  mares’  urine 
treated  with  Girard  P  reagent 


,  1 

Ketonic  Fraction 

1 

Non-ketonic  fraction  .4 
dis.solved  in  toluene  and 
extracted  with  O.lN  NaOH 

1 

1 

0.1  N  NaOII  Soluble  Fraction  B 

1 

Toluene  Fraction 
extracted  with  IN  NaOH 

i 

IN  NaOII  Soluble  Fraction  C  Toluene  Fraction  D 

Neutral  Fraction 

The  averaged  data  from  the  bioassays  of  these  five  experiments  are  pre¬ 
sented  in  Table  1  along  with  data  from  a  single  fractionation  of  prepara¬ 
tion  70722.  These  data  demonstrate  the  presence  of  substances  in  preg¬ 
nant  mares’  urine  which  are  estrogenically  inactive  themselves,  but  are 
capable  of  augmenting  the  estrogenic  activity  of  other  fractions  which  are 
estrogenic.  It  can  be  seen  that  the  O.IN  NaOH  Fraction  B  contains  50 
per  cent  of  the  total  starting  estrogenic  activity  while  the  IN  NaOH  Frac¬ 
tion  C  and  the  neutral  Fraction  D  contain  only  3  to  10  per  cent  and  0.3  to 
0.6  per  cent,  respectively.  When  Fractions  B,  C,  and  D  were  recombined 
in  the  proportion  in  which  they  occurred  in  the  starting  material  A  and 
were  assayed,  the  full  estrogenic  potency  obtained  with  the  starting  ma¬ 
terial  A  was  recovered. 

2)  Localization  of  Augmentor 

In  which  fraction  or  fractions  was  the  augmentor  to  be  found?  From  the 
data  in  Table  I  it  was  inferred  that  the  augmenting  factor  or  factors  must 
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Table  1.  Total  estrogenic  potency  of  the  three  fractions  obtained  from  the  non- 

KETONIC  PHENOLIC  EXTRACT  OF  PREGNANT  MARES’  URINE,  AND  OF  A 
RECOMBINATION  OF  THESE  FRACTIONS.  STANDARD  ERROR  OF 
ASSAY  WAS  APPROXIMATELY  ±13  PER  CENT 


From  #71509 

From  #70722 

Potency 

Potency 

Total 

Relative  to  A 

Total  1 

Relative  to  A 

I.U. 

% 

I.u. 

% 

(1)  Starting  Non-ketonic 

3,620,000 

100.0 

3,200,000 

100.0 

Fraction  A 

1 

(2)  O.IN  NaOH  Fraction  B 

1,715,000 

47.3 

1,800,000 

56.2 

(3)  IN  NaOH  Fraction  C 

106,500 

3.0 

330,000 

10.3 

(4)  Neutral  Fraction  D 

9,000 

0.3 

20,000 

0.6 

(5)  Sum  of  2 +3 -1-4 

1,828,000 

50.5 

2,140,000 

67.0 

(6)  Recombined  B-|-C-|-D 

3,665,400 

100.0 

3,600,000 

112.5 

be  located  either  in  the  IN  NaOH  Fraction  C  or  the  neutral  Fraction  D, 
which  fractions  have  little  or  no  estrogenic  activity.  A  portion  of  the  non- 
ketonic  extract  A  was  fractionated  as  in  Figure  1.  Bioassays  were  carried 
out  upon  proportional  combinations  of  the  0.1  N  NaOH  Fraction  B  with 
the  IN  NaOH  Fraction  C  or  with  the  neutral  Fraction  D.  The  results, 
Table  2,  indicated  that  the  potentiating  factor  or  factors  were  mainly  pres¬ 
ent  in  Fraction  D  inasmuch  as  with  this  fraction,  which  contained  almost 
no  estrogenic  activity,  the  e.strogenic  activity  of  the  O.IN  NaOH  fraction 
was  increased  by  89  per  cent.  The  small  increase  with  Fraction  C  was  not 
significant. 


Table  2.  Data  demonstrating  the  presence  of  the  augmentor  in  neutral  fraction  D. 
The  original  non-ketonic  fraction  had  a  total  potency  of  2,000,000  i.u. 


Fraction 

Total  potency 

Increase  on 
combining 

Found 

Calculated 

Found  /  Calculated 

fraction  B  (O.IN  NaOH) 

I.u. 

975,000  ±17% 

I.u. 

Fraction  C  (IN  NaOH) 

165,000  ±16% 

— 

— 

Fraction  B-f-C  (combined) 

1,380, 000  ±16% 

•1,140,000 

1.14 

Fraction  B  (O.IN  NaOH) 

975,000  ±17% 

— 

— 

Fraction  D  (Neutral) 

1  <5,000 

— 

— 

Fraction  B-bD  (combined) 

1,850, 000  ±16% 

980,000 

1.89 

3)  Mode  of  Action  of  Augmenting  Substance 

Is  the  action  of  the  augmentor  systemic,  “hormonal,”  in  nature  or  is  it 
due  to  the  presence  of  substances  which  act  locally  at  the  site  of  injection 
to  delay  the  absorption  of  the  active  estrogens?  The  O.IN  NaOH  Fraction 
B,  which  contained  the  urinary  estrogens,  was  injected  into  castrate  rats 
in  the  shoulder  region  and  the  augmentor  (neutral  Fraction  D)  was  in¬ 
jected  simultaneously  iato  the  hip  area.  The  results  obtained  showed  that 
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the  augmentor  was  exerting  its  effect  through  a  systemic  mechanism  inas¬ 
much  as  potentiation  was  obtained  when  Fraction  D  was  injected  into  the 
same  (Table  2)  or  different  sites  (Figure  2)  as  Fraction  B. 

In  an  attempt  to  find  a  quantitative  method  of  assay  for  the  augmentor, 
increasing  amounts  of  Fraction  D  were  injected  simultaneously  with  Frac¬ 
tion  B  but  on  opposite  sides  of  the  body.  The  results,  shown  in  Figure  2, 
indicate  that  the  potentiation  increases  in  a  regular  manner  with  increasing 


MICROGRAMS  OF  FRACTION  D 
(LOG  SCALE) 

Fig.  2.  Biological  response  expressed  in  International  Units,  using  estrone  as  a  stand¬ 
ard,  produced  by  the  O.IN  NaOH  Fraction  B  when  injected  in  conjunction  with  the 
augmentor  Fraction  D.  Each  fraction  injected  subcutaneously  into  different  sites  in  the 
animal. 

amounts  of  the  augmentor.  Statistical  analysis  showed  that  all  responses 
were  significantly  increased  by  even  the  smallest  amount  of  Fraction  D 
(0.3  microgram)  but  the  re.sponse  with  6.6  micrograms  was  not  significantly 
different  from  that  with  0.3  microgram. 

Further  evidence  of  the  systemic  nature  of  the  augmentor  action  is  pre¬ 
sented  in  Table  3  where  data  showing  the  oral  effectiveness  of  the  aug¬ 
mentor  are  presented.  When  givfen  orally  the  augmentor  appeared  to  be  as 
active  as  when  given  subcutaneously. 

4)  Combination  of  Fraction  D  with  Various  Estrogens 

The  potentiating  effect  of  Fraction  D  upon  various  other  estrogens, 
crystalline  estrone,  diethylstilbestrol,  and  partially  purified  phenolic  frac- 
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Table  3.  Data  demonstrating  the  oral  effectiveness  of  the  augmbntor  in  poten¬ 
tiating  THE  EFFECT  OF  ADMINISTERED  ESTROGENS.  ThE  INDICATED  AMOUNT  OF  AUGMENTOR 
WAS  GIVEN  TO  ALL  RATS  WITHIN  AN  ASSAY  GROUP  WHILE  THREE 
DOSAGE  LEVELS  OF  FRACTION  B  WERE  USED 


Fraction 

Route  of 
administration 

Estrogenic 

activity 

Augmentor  Fraction  D 

5 . 6  Mg- 

Oral 

i.u./ml. 

None 

Augmentor  Fraction  D 

2K  Mg. 

Oral 

None 

O.IX  XaOH  Fraction  B 

Subcutaneous 

1780  ±13% 

O.IN  NaOH  Fraction  B  plus 
Augmentor  Fraction  D 

28  Mg. 

Subcutaneous 

Subcutaneous 

3413±15% 

O.IN  NaOH  Fraction  B  plus 
Augmentor  Fraction  D 

28  Mg. 

Subcutaneous 

Oral 

3443  ±16% 

O.IN  NaOH  Fraction  B  plus 
Augmentor  Fraction  D 

5.6  Mg. 

Subcutaneous 

Oral 

3634  ±16% 

tions  of  pregnant  mares’  urine,  was  studied  and  the  results  presented  in 
Table  4.  It  can  be  seen  that  with  all  the  preparations  tested  except  crystal¬ 
line  estrone  the  potentiating  factor  is  capable  of  increasing  the  activity  of 
the  subcutaneously  administered  estrogen  by  approximately  100  per  cent. 
Estrone  is  the  exception,  the  increase  being  only  50  per  cent. 

Fraction  D  is  also  effective  in  potentiating  the  effect  of  estrogens  on  the 
vaginal  muco.sa  of  ovariectomized  mice,  the  degree  of  potentiation  upon 
injection  of  Fraction  B  in  conjunction  with  Fraction  D  into  mice  being 
similar  to  that  found  in  rats  (Rakoff,  1950). 


Table  4.  Effect  of  augmentor  upon  the  estrogenic  potency  of 

CRtrDE,  CRYSTALLINE  AND  SYNTHETIC  ESTROGENS 


Estrogen 

Fraction  D* 
dose 

ED-50 1 

Increase 

Estrone 

/*g. 

% 

0 

1.65  Mg. 

Estrone 

10 

1 . 10  Mg. 

50 

Stilbestrol 

0 

0.315Mg. 

Stilbestrol 

5 

0.143  Mg- 

120 

Amniotinf 

0 

17I.U. 

Amniotin 

5 

lOi.u. 

70 

Fraction  B 

1  0 

14 1. u. 

Fraction  B 

i  5 

7i.u. 

100 

•  224  mK-  of  Fraction  D  fails  to  cause  estrus. 

t  SQUIBB  preparation  of  phenolic  fraction  of  pregnant  mares’  urine, 
j  Dosage  which  produces  cornihcation  of  the  vagina  in  50  per  cent  of  the  rats. 
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5)  Effect  of  Fraction  D  upon  the  Uterus  of  the  Immature  Rat 

Does  the  augmentor  have  a  direct  action  on  the  uterus  although  it  does 
not  cornify  the  vaginal  mucosa?  Intact,  ovariectomized,  adrenalectomized, 
and  ovariectomized-adrenalectomized  21  day  old  immature  females  weigh¬ 
ing  55-60  grams  were  used.  The  animals  were  injected  daily  with  28  micro¬ 
grams  of  Fraction  D  for  three  days.  On  the  fourth  day  the  animals  were 
sacrificed  and  the  uteri  excised  and  weighed.  The  results  are  presented  in 
Table  5.  These  data  show  that  Fraction  D  is  capable  of  doubling  the  uter¬ 
ine  weight  of  the  injected  animals,  a  response  which  is  striking  in  view  of 
the  fact  that  there  were  no  estrogens  present  in  this  fraction  as  determined 
by  injections  of  56  micrograms  of  Fraction  D  daily  into  40  adult  ovariec¬ 
tomized  rats  for  a  period  of  four  days.  Daily  vaginal  smears  showed  no 
signs  of  estrus. 


Table  5.  Effect  upon  uterine  weight  of  augmentor  fraction  D  when 

INJECTED  ONCE  DAILY  SUBCUTANEOUSLY  FOR  THREE  DAYS  INTO  RATS 


Type  rat 

No. 

rats 

Total 
dose 
frac¬ 
tion  1) 

Body 

wt. 

Uterine  wt. 

Vaginal 

orifice 

Vaginal 

smear 

Uninjected 

10 

MK- 

gm. 

63 

mg. 

24.6+  0.8 

! 

Closed  j 

Diestrus 

Controls 

Intact 

10 

84 

C5 

44.0+  4.1 

Closed 

Diestrus 

Ovariectomized 

7 

84 

63 

42.4+  4.7 

Closed 

Diestrus 

Ovariectomized- 

13 

84 

61 

44.9+  3.6 

Closed 

Diestrus 

Adrenalectomized 

1 1  vpophysectomized 

1  5 

— 

111 

56.4  ±  7.4 

Open 

Diestrus 

Hypophysectomized 

7 

112 

114 

121.0  +  14.1 

Open 

Diestrus 

Histological  examination  of  the  uteri  stimulated  by  Fraction  D  revealed 
a  columnar  epithelium  which  showed  no  consistent  increase  in  height,  but 
as  many  as  six  mitotic  figures  per  section  were  evident.  The  endometrium 
showed  a  dispersal  of  the  stromal  nuclei  as  a  result  of  which  less  accumula¬ 
tion  was  seen  directly  under  the  epithelium.  The  nuclear  types  were  not 
changed  but  mitotic  figures  as  well  as  occasional  lymphocytes  were  ob¬ 
served  in  the  stroma,  The  histology  of  the  organ  generally  indicated  a  situa¬ 
tion  suggestive  of  mild  estrogenic  stimulation. 

The  doubling  of  uterine  weight  by  Fraction  D  was  also  obtained  in  hy- 
pophysectomized  animals.  This  indicates  a  lack  of  hypophyseal  mediation 
in  the  action  of  Fraction  D  upon  the  uterus  (Table  5). 

Further  indication  of  a  distinct  difference  between  the  effect  of  estrone 
on  the  uterus  and  that  of  Fraction  D  upon  the  uterus  is  demonstrated  by 
the  data  in  Table  6.  From  these  data  it  may  be  seen  that  similar  uterine 
weights  are  produced  by  16  micrograms  of  estrone  administered  over  a  pe¬ 
riod  of  four  days  and  by  112  micrograms  of  Fraction  D  administered  over 
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a  similar  period.  However,  whereas  the  estrone  administration  produced 
cornification  and  premature  opening  of  the  vagina,  no  such  situation  pre- 
v'ailed  in  the  animals  treated  with  Fraction  D. 


Table  6.  Difference  in  response  of  21  day  old  immature  ovariectomized  female 

RATS  TO  OIL  SOLUTIONS  OF  ESTRONE  AND  FRACTION  D.  AnIMALS  INJECTED 
ONCE  DAILY  FOR  FOUR  DAYS  AND  SACRIFICED  ON  FIFTH  DAY 


Treatment 
(total  dose) 

No. 

rats 

Body 

wt. 

i  Uterine 
wt. 

Vaginal 

orifice 

State  of 
estrus 

Estrone  16  nf'. 

5 

gm. 

52 

mg. 

53  ±2 

Open 

Kstrus 

Fraction  D  li2  /ig- 

7 

67 

53+6 

closed 

Diestrus 

Controls 

5 

66 

26+0.6 

Closed 

Diestrus 

6)  Effect  of  Estrone  plus  Fraction  D  upon  the  Uterus  of  the  Immature  Rat 

Does  Fraction  D  augment  the  effect  of  estrone  upon  the  uterus?  Vary¬ 
ing  doses  of  estrone  w’ere  injected  daily  for  three  days  into  two  groups  of 
21  day  old  immature  rats.  One  group  received  estrone  injections  only,  and 
the  other  group  received  estrone  plus  a  constant  dose  of  Fraction  D.  The 
results  are  presented  in  Figure  3,  and  at  the  6  and  12  /xg-  level  indicate 
some  potentiation  by  Fraction  D  of  the  effect  of  estrone  on  the  immature 
rat  uterus. 
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ESTRONE  -  MICROGRAMS 

Clog  scaled 

Fig.  3.  Effect  upon  the  uterine  weight  of  immature  rats  of  variable  amounts  of  estrone 
with  and  without  84  micrograms  of  Fraction  D.  Total  dosage  for  3  days  is  shown.  Rats 
were  autopsied  on  fourth  day.  Six  rats  per  group. 
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7)  Effect  of  Fraction  D  on  Oviducal  Weight  in  Chicks 

Starting  on  the  third  day  after  hatching,  estrone,  Fraction  D,  and  a 
mixture  of  the  two  were  injected  into  groups  of  White  Leghorn  baby 
chicks  (Table  7).  In  order  to  obtain  a  significant  oviducal  weight  increase, 
larger  doses  were  required  than  in  rats.  Fraction  D  was  approximately  one- 
half  as  potent  as  estrone,  as  measured  by  weight  increases  of  the  oviduct. 


Table  7.  Effect  of  augmentob,  fraction  D,  and  estrone  on  the  weight  of  the  ovidi  ct 

OF  BABY  chicks.  SUBCUTANEOUS  INJECTIONS  WERE  GIVEN  ONCE  DAILY  FOR 

FOUR  DAYS.  Chicks  were  autopsied  on  the  fifth  day 


Total 

dose 

No. 

chicks 

Body  wt. 
average  | 

Oviduct  wt. 

MR. 

gm. 

mg. 

Uninjected  Controls 

— 

5 

52 

4.2  +0.2 

Estrone 

200 

3 

59 

10.2  +  1.4 

Estrone 

1000 

4 

59 

27.8±3.7 

Fraction  I) 

216 

4 

54 

5 . 9  ±  0 . 5 

Fraction  D 

432 

4 

53 

9.3  ±0.5 

Estrone 

Fraction  D 

2001 

216/ 

4 

49 

19.1  ±3.5 

The  one  series  in  which  estrone  was  injected  together’  with  Fraction  D  in¬ 
dicated  potentiation  of  effectiveness  of  estrone  in  causing  an  increased  ovi¬ 
ducal  weight. 

DISCUSSION 

The  data  presented  in  this  study  demonstrate  the  presence  in  pregnant 
mares’  urine  of  substances  which,  although  estrogenically  inactive  by 
themselv'es,  are  capable  of  potentiating  the  biological  effect  of  estrogens 
upon  the  vaginal  mucosa  of  the  adult  spayed  rat.  Such  substances  have 
been  previously  described  in  human  urines  by  Emmens  (1939)  andPincus 
and  Pearlman  (1941).  In  pregnant  mares’  urine  the  potentiator  was  found 
in  the  neutral  fraction  whereas  Emmens  has  reported  that  in  human  urine 
such  potentiating  factors  are  present  in  both  the  neutral  and  the  acidic 
fractions.  Fraction  D,  besides  augmenting  the  effect  of  estrogens  on  the  va¬ 
ginal  mucosa,  has  also  been  found  capable  of  causing  an  increased  uterine 
weight  in  immature  rats,  an  effect  which  has  not  been  described  by  the  in¬ 
vestigators  working  with  human  urine. 

Working  with  androgens  Freud  et  al.  (1933,  1935)  found  delayed  absorp¬ 
tion  to  be  the  mechanism  by  which  certain  fractions  from  testicular  ex¬ 
tracts  potentiated  the  effect  of  androgens.  In  the  experiments  above,  the 
potentiation  by  Fraction  D  of  the  action  of  estrogens  upon  the  vaginal 
mucosa  does  not  seem  to  be  due  to  a  delayed  absorption  from  the  site  of  in¬ 
jection  because  Fraction  D  is  as  effective  when  given  orally  or  by  injection 
into  different  sites  in  the  animal  as  when  administered  together  with  estro¬ 
gens. 
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The  following  negative  results  indicate  that  the  physiological  role  of 
Fraction  D  may  be  definitely  limited  to  certain  aspects  of  estrogenic  ac¬ 
tivity.  Fraction  D  was  found  to  have  no  effect  on  the  normal  estrus  cycle 
of  mature  intact  female  rats  injected  daily  for  a  period  of  one  week.  Hence 
it  does  not  seem  to  potentiate  or  inhibit  the  normal  estrogen  inactivating 
systems  of  the  organism.  Also,  Leathern  (1951)  found  that  Fraction  D  did 
not  modify  the  action  of  androgens  on  the  seminal  vesicles  or  prostates  of 
immature  male  rats  nor  did  it  modify  the  effect  of  estrogens  on  the  seminal 
vesicles  of  such  animals. 

The  effects  of  Fraction  D  on  the  uterus  of  immature  rats  seems  to  l)e  a 
direct  effect  and  not  a  potentiation  of  the  effect  of  endogenous  estrogen, 
because  Fraction  D  is  effective  in  ovariectomized,  ovariectomized-adre- 
nalectomized,  as  well  as  intact  immature  rats,  thus  ruling  out  all  the  known 
sources  of  endogenous  estrogens. 

Estrone  was  found  to  be  twice  as  effective  as  Fraction  D  in  increasing 
the  oviduct  weight  in  baby  chicks  wdiereas  it  was  ten  times  more  active 
than  Fraction  D  in  increasing  the  weight  of  the  rat  uterus.  There  was  an 
indication  of  a  potentiating  effect  of  Fraction  D  on  the  effect  of  estrone 
on  the  weight  of  the  chick  oviduct  and  the  rat  uterus. 

In  contrast  to  the  similarity  in  potency  of  estrone  and  Fraction  D  on 
uterine  and  oviduct  weight  tests,  estrone  was  found  to  be  more  than  224 
times  more  effective  than  Fraction  D  in  causing  cornification  of  the  vagina 
when  given  alone.  When  injected  simultaneously,  an  equal  weight  or  even 
less  of  Fraction  D  relative  to  the  estrogen  would  nearly  double  the  effec¬ 
tiveness  of  estrone  and  other  estrogens.  This  dichotomy  of  action  of  Frac¬ 
tion  D  on  the  uterine  weight  and  vaginal  cornification  is  in  contrast  to  the 
action  of  the  usual  estrogens,  and  indicates  that  Fraction  D  contains  a 
substance  or  substances  with  different  physiological  properties  than  those 
usually  ascribed  to  estrogens. 


SUMMARY 

The  phenolic,  non-ketonic  fraction  from  pregnant  mares’  urine  was  re¬ 
extracted  from  toluene  with  aqueous  sodium  hydroxide.  The  “neutral” 
fraction  remaining  in  the  toluene,  though  unable  to  cause  vaginal  cornifi¬ 
cation  alone,  when  given  orally  or  by  injection  was  found  to  potentiate  the 
estrogenic  potency  of  estrone,  diethylstilbestrol  or  the  estrogenic  fraction 
from  mares’  urine  when  administered  simultaneously  but  at  different  sites. 

This  “neutral”  fraction  was  found  to  increase  the  uterine  weight  in  hy- 
pophysectomized,  ovariectomized  or  adrenalectomized  rats.  It  also  in¬ 
creased  the  oviducal  weight  in  baby  chicks. 
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THE  RELATION  OF  SOME  STEROID  HORMONES 
TO  /3-GLUCURONIDASE  ACTIVITY! 

ERNEST  KNOBIL* 

From  the  Department  of  Zoology,  Cornell  University,  Ithaca,  New  York 

Renewed  interest  in  the  physiological  function  of  the  enzyme  j3- 
.  glucuronidase  was  initiated  by  the  report  of  Fishman  (1940)  that 
the  feeding  of  glucuronidogenic  substances  to  mice  and  dogs  effected  an  in¬ 
crease  in  the  /3-glucuronidase  activity  of  liver,  kidney  and  spleen,  while 
the  enz5Tne  concentration  of  the  sex  organs  remained  unchanged.  However, 
the  administration  of  estrogens  to  ovariectomized  mice  caused  an  increase 
in  /3-glucuronidase  only  in  the  uterus  and  possibly  the  vagina  and  con¬ 
versely,  ovariectomy  resulted  in  a  marked  decrease  in  uterine  /3-glucuroni- 
dase  activity  (Fishman  and  Fishman,  1944;  Fishman,  1947).  It  was  con¬ 
cluded  from  these  observations  that  /3-glucuronidase  catalyzes  the  synthe¬ 
sis  of  glucuronides  in  vivo  and  that  the  observed  increases  in  enzyme  ac¬ 
tivity  represented  an  enzyme  adaptation  phenomenon  in  response  to  the 
presence  of  increased  substrate.  Fishman  (1947)  further  postulated  that 
/3-glucuronidase  plays  a  fundamental  role  in  the  physiological  action  of 
estrogenic  hormones  and  that  this  role  is  concerned  with  the  “metabolic 
conjugation”  of  estrogens  with  glucuronic  acid  prior  to  the  utilization  of 
the  complex  by  the  tissue. 

Karunairatnam  and  Levvy  (1949)  and  Karunairatnam,  Kerr  and  Levvy 
(1949)  on  the  other  hand,  presented  con\’incing  evidence  that  the  enzyme 
system  responsible  for  glucuronic  acid  conjugation  is  separate  and  distinct 
from  /3-glucuronidase.  It  was  noted  (Levvy,  Kerr  and  Campbell,  1948) 
that  liver  regeneration  following  injury  by  various  means  was  accompanied 
by  a  rise  in  /3-glucuronidase  activity.  On  the  basis  of  these  and  other  ob¬ 
servations,  Levvy  et  ah,  put  forward  the  hypothesis  that  the  increase  in 
the  /3-glucuronidase  concentration  of  a  tissue  is  merely  an  index  of  cell 
proliferation  and  tissue  growth  regardless  of  the  nature  of  the  stimulus. 

In  view  of  the  fact  that  a  relationship  between  uterine  /3-glucuronidase 
activity  and  estrogen  levels  has  been  clearly  demonstrated,  it  seemed  of 
fundamental  importance  to  determine  whether  changes  in  /3-glucuronidase 
activity  indeed  represent  generalized  alterations  in  growth  processes  or 

Received  for  publication  August  10,  1951. 

*  Aided  by  a  grant  from  the  Sage  Research  Fund,  Cornell  University. 

*  Fellow  of  the  Schering  Corporation.  Present  address:  Harvard  School  of  Dental 
Medicine,  Boston  15,  Massachusetts. 
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whether  such  changes  specifically  reflect  the  morphological  and  physio¬ 
logical  processes  governed  by  the  estrogenic  hormones.  It  was  thought  that 
an  investigation  of  i3-glucuronidase  activity  in  the  accessory  organs  of  re¬ 
production  under  a  variety  of  hormonal  environments  might  prove  fruit¬ 
ful  in  this  regard.  The  present  report  deals  with  studies  of  the  (3-glucuroni- 
dase  activity  of  the  uterus,  mammary  gland,  prostate  gland  and  seminal 
vesicle  in  relation  to  the  action  of  estrogens  and  other  steroid  hormones. 

MATERIALS  AND  METHODS 

Animals  and  preparation  of  tissues.  Rats  of  the  Long-Evans  strain  and  rabbits  of 
undetermined  breeding  were  used  in  these  experiments.  The  animals  of  any  one  experi¬ 
mental  group  were  selected  for  comparable  age  and  weight,  and,  in  the  case  of  immature 
female  rats,  litter  mates  were  employed  whenever  possible.  All  operations  were  performed 
by  standard  procedures  under  ether  anesthesia.  The  hormones  used  in  this  study  were 
estradiol  benzoate,  testosterone  propionate,  desoxycorticosterone  acetate,  and  proges¬ 
terone.*  These  were  administered  in  oil. 

At  the  termination  of  an  experiment,  the  animals  were  anesthetized  with  ether  and 
bled  from  the  carotids.  The  tissue  to  be  assayed  was  quickly  removed,  trimmed  of  adher¬ 
ing  fat  and  connective  tissue,  and  placed  in  a  chilled,  physiological  saline  solution.  The 
tissue  was  then  blotted  dry  on  paper  toweling,  and  quickly  weighed  on  a  torsion  balance. 
A  weighed  portion  of  tissue  was  dried  to  constant  weight  at  90-100°  C.  for  the  determina¬ 
tion  of  water  content  and  the  remainder  assayed.  In  the  case  of  the  uterus  and  the  seminal 
vesicle,  the  fluid,  when  present,  was  expelled  prior  to  weighing.  /3-glucuronidase  activity 
was  determined  by  the  method  of  Talalay,  Fishman  and  Huggins  (1946).  The  substrate, 
phenolphthalein  mono-/3-glucuronide  was  prepared  by  the  method  of  Fishman,  Springer 
and  Brunetti  (1948).  The  unit  of  /3-glucuronidase  activity  is  defined  as  that  amount  of 
enzyme  which  will  liberate  one  gamma  of  phenolphthalein  in  one  hour  at  38°  C.  from 
phenolphthalein  glucuronide  at  pH  4.5  under  standard  conditions. 

Histological  and  histochemical  procedures.  The  method  of  Friedenwald  and  Becker 
(1948)  for  the  histochemical  localization  of  /3-glucuronidase  was  utilized.  The  incubation 
time  varied  with  the  tissue  under  study  (12  hours  for  rat  uterus;  48  hours  for  mammary 
gland).  Counterstaining  was  omitted  in  most  cases.  Standard  procedures  for  the  prepara¬ 
tion  and  staining  of  whole  mounts  of  mammary  gland  and  other  tissues  were  followed. 

EXPERIMENTAL 

^-glucuronidase  in  the  seminal  vesicle  and  prostate.  If  the  decrease  in 
uterine  /3-glucuronidase  concentration  following  ovariectomy  can  be  ex¬ 
plained  in  terms  of  a  cessation  of  mitotic  activity  with  a  general  decrease 
in  cellular  metabolism  and  consequent  involution  of  the  tissue,  then  the 
atrophy  of  the  seminal  vesicle  and  prostate  glands  following  castration  in 
the  male  should  also  result  in  a  similar  decrease  in  enzyme  activity. 

Adult  male  rats  were  castrated  and  their  seminal  vesicles  and  prostate 
glands  assayed  for  enzyme  activity  approximately  40  days  after  the  opera- 

*  The  hormones  used  in  this  study  were  generously  supplied  by  the  Sobering  Corpora¬ 
tion,  Bloomfield,  New  Jersey. 
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tion.  Tissues  from  control  animals  were  assayed  simultaneously.  The  pros¬ 
tate  glands  removed  from  the  castrated  did  not  afford  sufficient  tissue  for 
individual  enzyme  determinations,  and  glands  from  at  least  two  animals 
had  to  be  pooled.  Control  experiments  showed  that  prostatic  fluid  did  not 
contain  measurable  amounts  of  /3-glucuronidase. 

The  drastic  atrophy  of  both  seminal  vesicle  and  prostate  consequent  to 
the  withdrawal  of  the  male  hormone  was  not  paralleled  by  a  decreased  /3- 
glucuronidase  activity.  The  differences  in  enzyme  values  reported  in 
Table  1  are  not  statistically  significant. 


Tablk  1.  Effect  of  castration  on  ^-oEi  crRONiDASE  i.evei.s 

IN  SEMINAL  VESICLE  AND  PROSTATE  OLANDS 


Experimi'nt 

X  umber 
of 

rats 

Body 

weight 

gm. 

Organ 

weight 

mg. 

Units 

d-glucuronidase 
per  mg.  dry  wt. 

Seminal  vesicle 

Xormal 

6 

309 

378 

13.7  +  1.1' 

Castrate 

12 

306 

102 

11 .7±0.9 

Prostate 

Xormal 

14 

307 

280 

33.2+2.9 

Castrate 

24 

335 

27 

31.7±2.9 

'  Results  in  this  and  subsequent  tables  are  given  as  means  ±  standard  error  of  the  mean 
or  as  mean  and  range. 


There  is  excellent  evidence  that  estrogens  stimulate  growth  of  the  fibro- 
muscular  stroma  in  the  male  acces.sory  glands  and  to  a  lesser  extent  that 
of  the  secretory  epithelium,  especially  in  the  seminal  vesicle  (Overholser 
and  Nelson,  1935;  Tislowitz,  1939).  Thus  it  was  of  interest  to  determine 
whether  the  effects  of  estrogen  on  the  seminal  vesicle  and  prostate  glands 
of  castrated  males  would  be  accompanied  by  a  rise  in  /3-glucuronidase  ac¬ 
tivity. 

Adult  male  rats,  castrated  for  40  days,  were  given  daily  subcutaneous 
injections  of  15  gamma  estradiol  benzoate  for  19  days.  At  the  end  of  this 
period,  prostates  and  seminal  vesicles  were  assayed  for  enzyme  content, 
some  tissues  being  removed  for  histological  study.  Untreated,  40-day  cas¬ 
trated  males  served  as  controls.  The  results  of  this  experiment  are  sum¬ 
marized  in  Table  2. 

Although  growth  of  the  prostates  and  seminal  vesicles  was  not  discerni¬ 
ble  by  their  weights,  the  /3-glucuronidase  activity  of  seminal  vesicles  re¬ 
moved  from  treated  males  was  100%  greater  than  that  found  in  the  un¬ 
treated,  castrated  animals.  A  less  striking  but  distinct  rise  in  enzyme  con¬ 
centration  was  also  noted  in  the  prostate  glands.  Histological  examination 
of  these  ti.ssues  revealed  that  estrogen  treatment  had  caused  an  increase 
in  fibromuscular  mass  of  the  seminal  vesicles,  but  no  such  change  was 
noted  in  prostates  from  animals  similarly  treated.  The  secretory  epithelium 
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Table  2.  /3-glucl'ronidase  activity  in  prostates  and  seminal  vesicles  of 

CASTRATED  MALES  TREATED  WITH  ESTRADIOL  BENZOATE 


Experiment 

Number 

of 

rats 

Body 

weight 

gm. 

Seminal  vesicle 

Prostate 

Weight 

mg. 

Activity* 

Weight 

mg. 

.4ctivity 

Controls 

10 

334 

93 

9.5 

(  6.4-13.3) 

43 

22 .9 

(20.4-26.3) 

Estrogen  treated 

12 

273 

103 

19.0 

(15.1-22.4) 

36 

33.8 

(28.2-39.8) 

•  Units  of  enzyme  per  mg.  dry  wt. 


of  both  glands  appeared  to  be  slightly  higher  and  in  a  more  active  state 
when  compared  with  the  control  tissues,  although  this  difference  was  not 
striking. 

Effect  of  testosterone  on  uterine  ^-glucuronidase  activity.  In  the  next  ex¬ 
periment  it  was  desired  to  determine  whether  the  morphological  and  physi¬ 
ological  changes  induced  by  testosterone  in  the  uteri  of  ovariectomized  rats 
(Greep  and  Jones,  1950)  would  be  accompanied  by  an  increased  concen¬ 
tration  of  uterine  /3-glucuronidase.  Adult  female  rats,  ovariectomized  for 
90  days,  were  given  daily  injections  of  one  mg.  testosterone  propionate  for 
22  days.  The  controls  consisted  of  untreated,  ovariectomized  females  of 
the  same  age.  The  resulting  data  are  presented  in  Table  3. 

Table  3.  Effect  of  testosterone  propionate  on  vterine  ^-clucuronidase 


ACTIVITY 

IN  THE  OV 

ARIECTOMIZED  RAT 

Number 

Body 

Uterine 

U  nits 

Experiment 

of 

weight 

weight 

/1-glucuronidase 

rats 

gm. 

mg. 

per  mg.  dry  wt. 

Controls 

5 

244 

63.2 

9.6 

(  49.6-  88.7) 

(  7.3-14.0) 

Testosterone 

6 

264 

295.0 

22.8 

treated 

(233.4-331 .8) 

(19.8-25.9) 

Testosterone  treatment  effected  a 

marked  increase 

in  uterine  w'eight 

which  was  accompanied  by  a  distinct  rise  in  /8-glucuronidase  activity.^ 

Progesterone  and  uterine  ^-glucuronidase.  The  morphological  changes 
produced  in  the  uterus  by  progesterone  and  its  interactions  with  estrogens 
with  respect  to  this  organ  offered  an  excellent  opportunity  to  follow'  the 
changes  in  uterine  /3-glucuronidase  activity  under  a  wide  variety  of  condi¬ 
tions.  The  following  experiments  were  performed  in  an  attempt  to  further 

*  Desoxycorticosterone  acetate  administration  to  ovariectomized  rats  failed  to  effect 
uterine  growth  or  a  rise  in  uterine  /3-glucuronidase  activity.  Similarly,  adrenalectomy 
in  ovariectomized  adult  rats  was  without  effect  on  uterine  weight  and  uterine  enzyme 
concentration. 
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clarify  the  relationship  between  /3-glucuronidase  activity  and  tissue  growth 
in  relation  to  these  two  hormones. 

Segments  of  the  uteri  were  removed  from  three  rabbits  within  ten  hours 
after  copulation.  These  were  assayed  for  ^-glucuronidase  activity,  and 
samples  were  saved  for  histological  examination.  The  animals  were  autop- 
sied  five  days  later,  and  at  this  time  samples  of  uterine  tissue  from  the  op¬ 
posite  horn  were  removed  for  enzyme  a.ssay  and  microscopic  study.  In  this 
manner,  each  animal  served  as  its  own  control.  Three  other  rabbits  were 
ovariectomized  for  20  days  and  their  uteri  studied  as  before. 

Uterine  segments  removed  from  the  rabbits  in  heat  had  an  average  /3- 
glucuronidase  concentration  of  2.58  units  per  mg.  dry  weight.  Uterine  seg¬ 
ments  from  these  same  animals  five  days  after  the  induction  of  pregnancy 
average  2.35  enzyme  units.  It  is  seen  that,  in  spite  of  the  intense  progesta¬ 
tional  proliferation  of  the  endometrium  observed  in  early  pregnancy,  the 
enzyme  concentration  did  not  exceed  that  found  in  estrus.  On  the  other 
hand,  the  uterine  /3-glucuronidase  level  observed  in  rabbits  ovariectomized 
for  20  days  dropped  to  0.89  units  per  mg.  dry  weight.  It  should  be  noted 
that  the  uterine  /3-glucuronidase  activity  of  ovariectomized  rats  is  greater 
than  that  of  rabbits  in  heat. 

To  further  study  the  relation  of  progesterone  to  changes  in  uterine  /8- 
glucuronidase  activity,  an  investigation  of  the  pseudopregnant  rat  was  un¬ 
dertaken.  The  pseudopregnant  rat  also  furnished  ideal  material  for  the 
testing  of  Levvy’s  “growth  hypothesis”  for  changes  in  |8-glucuronidase  ac¬ 
tivity,  since  rapid  and  extensive  tumor-like  endometrial  proliferations,  the 
deciduomata,  can  be  induced  in  one  uterine  horn  while  the  contralateral 
horn  remains  unchanged.  Under  these  conditions,  both  the  deciduomata 
and  the  uninvolved  uterine  tissue  are  in  the  same  hormonal  environment. 

Female  rats  were  made  pseudopregnant  by  electrical  stimulation  of  the 
cervix  and  deciduomata  were  induced  in  one  uterine  horn  by  passing 
threads  through  the  lumen  6  days  later,  the  other  horn  in  the  same  animal 
remaining  as  the  control.  On  the  ninth  day  of  pseudopregnancy,  the  deci¬ 
duomata  and  the  opposite  uterine  horn  were  assayed  for  /3-glucuronidase 


Table  4.  Uterine  /S-glucuromdase  in  pseldopregnant  rats 


Experiment 

Number 

of 

rats 

Body 

weight 

gm. 

Weight 
of  horn 
assayed 
mg. 

Units 

^-glucuronidase 
per  mg.  dry  wt. 

Normal  rat — right  horn 

8 

204 

116 

46.1  ±3.5 

Pseudopregnant  horn — * 

no  deciduomata 

10 

210 

84 

35.8  +  2.4 

Pseudopregnant  horn — 

deciduomata 

10 

210 

953 

53.0±4.7 

9th  day  of  pseudopregnancy-. 
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Table  5.  The  effect  of  estrogen  and  progesterone  on  the  uterine  /J-iiur- 

CURONIDASE  ACTIVITY  IN  THE  OVARIECTOMIZED  RAT 


Experiment 

Number 

of 

rats 

Body 

weight 

gm. 

Uterine 

weight 

mg. 

Units 

d-glucuronidase 
per  mg.  dry  wt. 

No  treatment 

8 

254 

61.5+  2.3 

9. 3+0. 5 

Progesterone  (10  mg.) 

4 

231 

.50.7+  6.2 

9. 3+0. 8 

Estradiol  benzoate  (2  gamma) 

S 

238 

141  .6±12.6 

26.8±  1  .9 

Progesterone  (4  mg.) 

Estradiol  benzoate  (2  gamma) 

8 

236 

88.4+  6.8 

24.2+2.0 

activity,  and  the  resulting  values  compared  with  each  other  and  with  those 
obtained  from  intact,  control  animals.  The  results  are  summarized  in 
Table  4. 

The  data  indicate  that  on  the  ninth  day  of  pseudopregnancy  the  /3- 
glucuronidase  concentration  of  uterine  horns  devoid  of  deciduomata  was 
significantly  lower  (P<.05)  than  that  found  in  the  corresponding  uterine 
horns  of  normal  control  animals.  Despite  the  intense  proliferation  of  the 
decidual  tissue,  the  enzyme  concentration  of  the  deciduomata  did  not  sig¬ 
nificantly  exceed  that  of  the  normal  uterus  (P  >.20).  The  /g-glucuronidase 
activity  of  decidual  tissue,  however,  did  exceed  that  of  the  control  pseudo¬ 
pregnant  horn. 

The  decrease  in  uterine  j(3-glucuronidase  observed  on  the  ninth  day  of 
pseudopregnancy  may  be  a  reflection  of  lowered  estrogen  levels  or  an  in¬ 
dication  that  progesterone  inhibited  the  effectiveness  of  estrogens  circulat- 
ting  at  normal  levels  (Leonard,  Hisaw  and  Fevold,  1932).  That  the  first 
possibility  is  probably  the  correct  one  is  shown  by  tlie  following  experiment 

Female  rats,  ovariectomized  for  approximately  90  days,  were  given  one 
mg.  of  progesterone  subcutaneously.  The  next  day,  one  mg.  progesterone 
plus  2  gamma  of  estradiol  benzoate  were  administered  by  the  same  route. 
One  mg.  of  progesterone  alone  was  given  on  each  of  the  two  days  following, 
and  the  enzyme  assays  performed  on  the  fifth  day  of  the  experiment  (72 
hours  after  the  estradiol  injection).  Another  group  of  ovariectomized  ani¬ 
mals  were  injected  subcutaneously  with  2  gamma  estradiol  benzoate  and 
their  uteri  assayed  for  /3-glucuronidase  activity  72  hours  later.  Females 
ovariectomized  for  90  days  but  receiving  no  treatment  served  as  one  con¬ 
trol,  while  others,  similarly  operated  but  receiving  daily  injections  of  one 
mg.  progesterone  for  ten  days,  served  as  the  other.  The  results  of  these  ex¬ 
periments  are  shown  in  Table  5. 

The  data  clearly  show  that  although  progesterone  markedly  inhibited 
the  growth  effects  of  estradiol  on  the  uterus,  it  failed  to  depress  the  rise  in 
the  /3-glucuronidase  concentration  which  was  induced  by  estradiol.  Pro¬ 
gesterone  alone  had  no  effect. 

Uterine  ^-glucuronidase  in  the  immature  female  rat.  Kerr,  Campbell  and 
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Levvy  (1949)  noted  that  the  /3-glucuronidase  concentration  of  the  uterus, 
liver  and  kidney  of  immature  mice  exceeded  that  found  in  corresponding 
tissues  removed  from  adult  animals.  The  high  figure  for  uterine  /3-glucu¬ 
ronidase  in  infant  mice  was  taken  as  support  for  the  view  that  in  this  organ, 
as  in  others,  the  activity  of  the  enzyme  is  a  measure  of  general  growth  pro¬ 
cesses.  Since  the  bulk  of  the  evidence  presented  in  this  report  does  not  sup¬ 
port  this  concept,  a  study  of  uterine  (8-glucuronidase  in  the  immature  fe¬ 
male  rat  in  relation  to  ovariectomy  and  estrogen  administration  seemed 
indicated. 

The  uterine  /3-glucuronidase  concentration  of  immature  female  rats  was 
determined  under  the  following  experimental  conditions : 

1.  Intact  immature  females  receiving  no  treatment  (these  and  subse¬ 
quent  animals  were  sacrificed  at  29  days  of  age). 

2.  Immature  rats  ovariectomized  seven  days  prior  to  assay;  no  treat¬ 
ment. 

3.  Immature  rats  ovariectomized  17  days  before  enzyme  assay;  no 
treatment. 

4.  Immature  females  were  ovariectomized  at  21  days  of  age.  Five  days 
after  the  operation  they  were  given  10  gamma  estradiol  benzoate  subcu¬ 
taneously  and  their  uteri  assayed  for  enzyme  activity  72  hours  after  the 
hormone  injection. 

It  may  be  seen  from  the  data  in  Table  6  that  deprivation  of  the  ovaries 
for  17  days  was  without  effect  on  uterine  /3-glucuronidase  activity,  but 
there  was  a  significant  decrease  in  uterine  weight  (P<.01).  The  admini¬ 
stration  of  10  gamma  estradiol  benzoate  to  immature  females  ov^ariecto- 
mized  for  5  days  re.sulted  in  a  156%  increase  in  uterine  weight.  This  marked 
uterine  growth  was  not  accompanied  by  a  rise  in  enzyme  activity. 


Table  6.  Uterine  /J-glucuronidase  activity  in  the  immature  female  rat 


Experiment' 

Number 

of 

rats 

Body 

weight 

gm. 

Uterine 

weight 

mg. 

Units 

d-glucuronidase 
per  mg.  dry  wt. 

Intact — no  treatment 
Ovariectomized 

8 

65 

35.3  +  1.3 

27.0±1.3 

7  days,  no  treat. 
Ovariectomized 

4 

62 

39.5±2.1 

26.2±2.5 

17  days,  no  treat. 

10  gamma  estradiol  benzoate' 

9 

66 

30.0  +  1.2 

27.2±0.6 

5  days  after  ovar. 

4 

65 

90.0±4.4 

28.5  +  1.6 

*  All  animals  assayed  at  29  days  of  age. 

*  Assayed  72  hours  after  the  estradiol  benzoate  injection 


The  relation  of  the  pituitary  to  mammary  and  uterine  ^-glucuronidase.  The 
mammary  gland  of  the  rat  seemed  a  favorable  tissue  for  the  study  of  /3- 
glucuronidase  and  its  possible  relation  to  growth,  since  this  organ  prolifer- 
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ates  rapidly  when  estrogens  are  administered,  but  fails  to  do  so  in  the  ab¬ 
sence  of  the  pituitary  (Reece  and  Leonard,  1941). 

Female  rats  were  ovariectomized  and  hypophysectomized  4  days  later. 
Some  of  these  were  given  10  gamma  estradiol  benzoate  per  day  for  9  days 
starting  the  day  after  hypophysectomy.  The  remainder  served  as  controls. 
Further  controls  consisted  of  ovariectomized  rats  treated  with  10  gamma 
estradiol  benzoate  per  day  for  15  days  (an  average,  11  to  19  days)  starting 
the  day  after  the  operation  and  intact,  untreated  adult  females. 

At  autopsy,  the  inguinal  mammary  glands  of  the  above  animals  were 
removed.  The  glands  from  one  side  were  assayed  for  /3-glucuronidase  ac¬ 
tivity  and  those  from  the  other  prepared  for  histological  study.  The  uteri 
of  the  hypophysectomized  group  were  also  assayed  for  enzyme  content. 

The  data  in  Table  7  show  that  the  administration  of  estrogen  to  rats 
ov'ariectomized  the  day  before  the  initiation  of  hormone  treatment  re¬ 
sulted  in  a  more  than  three  fold  increase  in  mammary  /3-glucuronidase 
activity  when  compared  with  intact,  control  animals.  When  estradiol 
benzoate  was  given  to  ovariectomized-hypophysectomized  animals,  how¬ 
ever,  a  much  smaller  rise  in  the  enzyme  level  of  their  mammary  glands 
was  obtained. 


Table  7.  (J-gluclronidase  activity  ix  the  mammary 

GLAND  OF  THE  FEMALE  RAT 


Experiment 

Number 

of 

rats 

Body 

weight 

gm. 

Units 

3-glucuronidase 
per  mg.  wet  weight 

Intact  controls 

4 

207 

0.35 

(0.29-0.40) 

Ovariectomized,  10  gamma  estradiol  benzoate/day 
for  15  days 

8 

182 

1.34 

(0.67-2.40) 

Ovariectomized-hypophysectomized  control 

3 

143 

0.38 

(0.32-0.45) 

Ovariectomized-hypophysectomized,  10  gamma  es¬ 
tradiol  benzoate/day  for  9  days 

5 

123 

0.54 

(0.34-0.68) 

Attention  should  be  called  to  the  fact  that  the  enzyme  values  reported 
in  Table  7  in  all  probability  do  not  quantitatively  correspond  to  the  actual 
/3-glucuronidase  concentration  present  in  the  glandvdar  elements  of  the 
tissues  under  consideration,  since  a  large  part  of  the  samples  used  was 
comprised  of  presumably  inactive  fat  and  connective  tissues. 

Comparison  of  mammary  glands  removed  from  the  ovariectomized  ani¬ 
mals  treated  with  estrogen  for  15  days  with  intact  controls  revealed  exten¬ 
sive  development  of  the  duct  system  with  a  marked  increase  in  the  number 
of  end  buds.  In  some  cases  alveoli  appeared  to  be  present,  some  of  these 
being  distended  with  fluid.  The  only  histologic  change  noted,  following 
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estrogen  administration  to  ovariectomized-hypophysectomized  females, 
however,  was  a  possible  slight  increase  in  the  diameter  of  the  mammary 
ducts.  The  increase  in  i^-glucuronidase  activity  obtained  in  this  group  is 
thought  to  be  insignificant,  since  the  mammary  glands  were  nearly  devoid 
of  fat  as  a  result  of  the  toxic  effects  of  estrogens  on  hypophysectomized 
animals,  and  the  glandular  tissue  proper  predominated  in  the  sample. 
This  was  not  the  case  in  the  hypophysectoimzed  controls. 

In  contrast  to  the  behavior  of  mammary  glands  from  ovariectomized- 
hypophy.sectomized  animals,  the  uteri  of  these  rats  responded  to  hormone 
treatment  in  terms  of  tissue  growth  as  well  as  /3-glucuronidase  activity. 
Ovariectomized-hypophysectomized  controls:  23.1  (18.5-26.8)  units;  Estro¬ 
gen  treated  ovariectomized-hypophysectomized  animals:  34.5  (28.1-40.3) 
units). 

An  attempt  was  made  to  localize  histochemically  /3-glucuronidase  in 
some  of  the  mammary  glands  obtained  from  the  above  experiments.  Un¬ 
fortunately  this  was  not  succe.ssful.  The  reason  for  this  failure  probably 
lies  in  the  fact  that  the  enzyme  concentration  in  these  tissues  was  too  low 
for  the  sensitivity  of  the  method. 

Some  histological  and  histochemical  considerations.  The  histochemical 
technique  of  Friedenwald  and  Becker  (1948)  for  the  histochemical  locali¬ 
zation  of  /3-glucuronidase  has  not  been  too  rewarding  in  this  laboratory. 
Despite  numerous  attempts  and  close  adherence  to  the  original  method, 
only  general  localization  of  the  site  of  enzyme  activity  could  be  achieved. 
The  results  which  were  obtained  do  not  allow  detailed  description  of  the 
distribution  of  glucuronidase  at  the  cellular  level  as  reported  by  Campbell 
and  Levvy  (1950)  for  the  liver.  The  observations  of  Friedenwald  and 
Becker,  that  /3-glucuronidase  appears  to  be  concentrated  in  the  region  of 
the  glandular  epithelium  of  the  endometrium  of  the  rat,  have  been  con¬ 
firmed.  Scattered  enzyme  activity  could  be  detected  in  the  remainder  of 
the  endometrium,  but  the  myometrium  failed  to  show  any  evidence  of 
activity.  The  same  general  picture  was  obtained  in  the  deciduomata.  A 
good  indication  of  the  sensitivity  of  the  histochemical  method  is  that 
/3-glucuronidase  activity  could  not  definitely  be  detected  in  the  uteri  of 
rats  ovariectomized  for  30  days. 

All  the  observations  on  uterine  |3-glucuronidase  activity  reported  to 
date  for  the  mouse  and  the  rat  are  based,  of  necessity,  on  the  chemical 
assay  of  the  whole  uterus,  i.e.,  endometrium  and  myometrium.  Since  the 
ratio  of  myometrium  to  endometrium  was  found  to  vary  considerably  with 
the  hormonal  environment  of  the  uterus  (see  Table  8)  and  since  /3-glucu¬ 
ronidase  appears  to  be  principally  confined  to  the  endometrium,  the  follow¬ 
ing  possibility  was  viewed  with  apprehension.  The  observed  difference  in 
enzyme  activity  between  the  uteri  of  ovariectomized  immature  and  normal 


y 


January,  1952  STEROID  HORMONES  AND  |3-GLUCURONIDASE 


25 


adult  rats  may  not  represent  actual  changes  in  uterine  enzyme  concentra¬ 
tion,  but  could  reflect  variations  in  the  relative  volumes  of  active  endo¬ 
metrium  and  the  other  components  of  the  uterus  which  appear  to  be  low 
in  ^-glucuronidase  activity. 

In  an  attempt  to  resolve  this  problem,  uteri  of  ovariectomized  adults, 
normal  adults  and  immature  animals  were  sectioned  transversely,  stained, 
and  the  relative  cross  sectional  areas  of  endometrium  and  myometrium 
measured  with  a  polar  planimeter.  The  ratio  of  the  cross  sectional  area  of 
the  uterus  to  the  area  of  the  endometrium  was  then  calculated  in  each  in¬ 
stance.  Assuming  that  (1)  uterine  /3-glucuronidase  activity  is  limited  to  the 
endometrium,  (2)  that  the  weight  of  one  unit  volume  of  endometrium  ap- 

Table  8.  Calculated  endometrial  /S-c lucuronida.se  activity  in  the  normal  adult, 
OVARIECTOMIZED  ADULT  AND  NORMAL  IMMATURE  FEMALE  RAT 


Experimental  animal' 


Ratio 


Total  area 
Area  of 


Units  /3-glucuroni<lase 
per  mg.  dry  weight 


endometrium 

Whole  uterus 

Endometrium 

Normal  adult 

2.1 

402 

84 

Ovariectomized  adult 

3.4 

12 

41 

Normal  immature 

2.4 

27 

65 

*  Three  animals  in  each  group. 

®  Enzyme  values  based  on  a  large  number  of  previous 

experiments. 

proximately  equals  the  weight  of  one  unit  volume  of  myometrium,  and 
(3)  that  the  water  content  of  both  is  the  same,  an  approximation  of  the 
units  of  /3-glucuronidase  activity  per  mg.  dry  weight  of  endometrium  could 
be  computed.  Thus,  if  the  enzyme  concentration  of  a  given  uterine  seg¬ 
ment  weighing  2  mg.  is  80  units  and  the  endometrium  comprises  one  half 
the  cross  sectional  area  (or  volume)  of  the  segment,  then  1  mg.  of  endo¬ 
metrium  represents  80  enzyme  units.  The  resulting  values  calculated  for 
the  three  types  of  rat  uteri  are  given  in  Table  8. 

On  the  basis  of  the  above  as.sumptions,  it  was  found  that  the  differences 
in  /3-glucuronidase  activity  noted  in  the  three  physiological  states  studied 
actually  represent  changes  in  the  enzyme  concentration  of  the  uterus. 

DISCUSSION 

The  foregoing  studies  have  clearly  established  that  an  elevation  in  the 
/3-glucuronidase  activity  of  a  tissue  is  not  a  generalized  phenomenon  as¬ 
sociated  with  growth  per  se  as  advocated  by  Kerr  and  his  associates.  This 
conclusion  seems  warranted  in  the  light  of  the  following  considerations. 
While  ovariectomy  in  the  adult  female  is  associated  with  a  reduction  of 
uterine  /3-glucuronidase  activity  (Leonard  and  Knobil,  1950)  the  atrophy 
of  seminal  ve.sicle  and  prostate  glands  consequent  to  castration  in  the  male 
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is  not  accompanied  by  a  decrease  in  the  enzyme  concentration.  The 
/3-glucuronidase  content  of  prostates  and  seminal  vesicles  was  markedly 
increased,  however,  when  castrated  males  were  treated  with  estradiol  ben¬ 
zoate.  The  rapid  and  intense  progestational  proliferation  of  the  rabbit 
uterus  observed  on  the  fifth  day  of  pregnancy  was  not  paralleled  by  a  rise 
in  uterine  /3-glucuronidase  levels  when  compared  with  control  tissues  re¬ 
moved  from  these  same  animals  in  estrus.  Similarly,  the  /3-glucuronidase 
content  of  rapidly  proliferating  deciduomata  in  the  rat,  did  not  signifi¬ 
cantly  exceed  that  found  in  the  uteri  of  normal  control  animals.  In  these 
last  two  cases  tissue  growth  was  mediated  by  progesterone. 

Although  progesterone  markedly  inhibited  the  growth  effect  of  estradiol 
benzoate  on  the  rat  uterus,  it  failed  to  depress  the  estrogen-induced  rise  in 
the  uterine  /3-glucuronidase  concentration.  These  results  fail  to  support 
those  of  Kerr,  Campbell  and  Levvy  (1949  and  1950)  who  observed  that 
progesterone  antagonizes  the  effect  of  estrone  on  the  glucuronidase  re¬ 
sponse  of  the  uterus  in  ovariectomized  mice.  It  may  also  be  inferred  from 
the  present  experiment  that  the  decrease  in  /3-glucuronidase  activity  ob¬ 
served  on  the  ninth  day  of  pseudopregnancy  was  probably  due  to  a  de¬ 
crease  in  circulating  estrogens  and  not  to  the  inhibitory  action  of  proges¬ 
terone. 

The  results  obtained  from  the  experiments  dealing  with  immature  female 
rats  warrant  consideration.  In  these  animals,  in  contrast  to  adults,  ovari¬ 
ectomy  was  not  accompanied  by  a  decrease  in  /3-glucuronidase  activity 
and  estrogen  administration  failed  to  effect  an  increase  in  enzvTne  concen¬ 
tration.  It  may  be  concluded  from  this  that  changes  in  tissue  mass  conse¬ 
quent  to  fluctuations  in  circulating  e.strogens  are  not  in  all  cases  accom¬ 
panied  by  a  change  in  /3-glucuronidase  activity. 

The  injection  of  testosterone  propionate  into  ovariectomized  adult  fe¬ 
male  rats  resulted  in  an  increase  in  uterine  weight  which  was  attributable 
in  large  part  to  an  increased  proliferation  of  the  muscular  layers  accompa¬ 
nied  by  an  extension  of  the  muscle  mass  into  the  mesometrium,  as  well  as 
an  extensive  progestational  development  of  the  endometrium  (Creep  and 
Jones,  1950).  When  uterine  weights  of  comparable  magnitude  were  induced 
by  the  administration  of  estradiol,  the  enzyme  values  were  about  50  units 
per  mg.  dry  weight  or  nearly  double  that  found  following  testosterone 
treatment.  This  experiment  provides  another  instance  wherein  tissue 
growth  and  enzyme  activity  were  not  closely  correlated. 

A  possible  interpretation  of  the  increased  /3-glucuronidase  concentration 
noted  on  testosterone  administration  may  be  that  the  alteration  in  enzyme 
level  was  actually  brought  about  by  estrogens  arising  from  the  conversion 
of  testosterone.  That  such  a  conversion  can  occur  in  the  living  animal  has 
been  rather  clearly  demonstrated  (reviewed  by  Burrows,  1949).  The  possi- 
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bility  remains  that  testosterone  directly  effected  the  increase  in  enzyme 
activity,  but  this  seems  unlikely  since  it  was  without  effect  on  the  /3-glucu¬ 
ronidase  concentration  of  the  seminal  vesicle  and  prostate  glands. 

In  the  pseudopregnant  female  rat,  deciduomata  induced  in  the  right 
uterine  horn  were  higher  in  /3-glucuronidase  activity  than  the  unstimu¬ 
lated  left  horn  within  the  same  animal.  Since  the  deciduomatal  ti.ssues  em¬ 
ployed  for  enzyme  assay  in  these  experiments  consisted  largely  of  endo¬ 
metrium  while  the  untraumatized  horn  comprised  a  larger  proportion  of 
muscle  and  other  components  (see  Table  8)  which,  on  the  basis  of  histo- 
chemical  observations,  are  devoid  of  /3-glucuronidase  activity,  one  would 
expect  that  the  deciduomatal  tissue  would  contain  more  enzyme  than  the 
control  horn  if  the  enzyme  concentration  in  the  endometria  of  both  cases 
remained  unchanged.  This  is  indeed  what  was  observed  and  one  may  con¬ 
clude  that  the  difference  in  enzyme  activity  under  consideration  need  not 
be  explained  in  terms  of  cellular  proliferation. 

In  conclusion,  it  is  believed  that  the  evidence  presented  here  gives  con¬ 
siderable  substance  to  the  view  that  changes  in  the  /3-glucuronidase  ac¬ 
tivity  of  the  tissues  studied  may  be  specifically  related  to  the  action  of 
estrogenic  hormones. 


SUMMARY 

The  present  report  deals  with  studies  of  the  /3-glucuronidase  activity  of 
the  uterus,  mammary  gland,  prostate  gland  and  seminal  vesicle  in  relation 
to  the  action  of  estrogen  and  other  steroid  hormones.  It  was  found  that  cas¬ 
tration  atrophy  of  the  prostates  and  seminal  vesicles  of  male  rats  was  not 
accompanied  by  a  decrease  in  /3-glucuronidase  concentration  although  the 
administration  of  estradiol  benzoate  to  castrated  males  effected  a  marked 
rise  in  the  enzyme  activity  of  these  organs. 

The  proliferation  of  deciduomata  in  the  rat  and  endometria  of  rabbits 
under  the  influence  of  progesterone  was  not  paralleled  by  an  increase  in 
/3-glucuronidase  activity.  Ovariectomy  in  the  rabbit  and  pseudopregnancy 
in  the  rat,  however,  resulted  in  a  decrease  in  uterine  enzyme  concentration. 
Progesterone,  when  administered  to  ovariectomized  female  rats,  while  ef¬ 
fective  in  antagonizing  the  growth  effects  of  estradiol  l)enzoate  on  the  rat 
uterus,  failed  to  inhibit  the  estrogen-induced  increase  in  uterine  enzyme  ac¬ 
tivity. 

Testosterone  propionate  increased  the  uterine  /3-glucuronidase  concen¬ 
tration  of  ovariectomized  rats  to  a  value  which  was  half  that  found  in  uteri 
stimulated  to  the  same  weight  with  estrogen. 

Ovariectomy  of  immature  rats  resulted  in  a  decrease  in  uterine  weight 
which  was  not  accompanied  by  a  decrease  in  enzyme  activity.  Conversely, 
the  administration  of  estrogen  to  these  animals  while  effecting  a  156%  in- 
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crease  in  uterine  weight,  was  without  effect  on  the  uterine  enzyme  concen¬ 
tration. 

The  proliferative  changes  observed  in  mammary  glands  of  estrogen 
treated  female  rats  were  accompanied  by  a  rise  in  /3-glucuronidase  ac¬ 
tivity,  but  this  hormone  was  without  effect  in  hypophysectomized  females 
in  terms  of  mammary  growth  and  mammary  enzyme  concentration.  The 
uteri  of  the  latter  animals,  however,  did  respond  to  hormone  treatment  by 
an  increase  in  enzyme  activity. 

It  is  concluded  that  changes  in  /3-glucuronidase  activity  are  not  a 
generalized  phenomenon  associated  with  growth  per  se  and  that  the  evi¬ 
dence  presented  lends  support  to  the  view  that  these  changes  may  be  spe¬ 
cifically  related  to  the  action  of  estrogenic  hormones. 
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THE  EFFECT  OF  a-ESTRADIOL,  SOME  OF  ITS  ESTERS 
AND  ESTRONE  ON  THE  RESPIRATION 
OF  TISSUE  HOMOGENATES' 


MARION  A.  GUIDRY, 2  ALBERT  SEGALOFF 
AND  AARON  M.  ALTSCHUL 

From  the  Richardson  Chemical  Laboratory  and  the  Department  of  Medicine,  Tulane 
University  and  the  Endocrine  Research  Laboratory,  Alton  Ochsner 
Medical  Foundation,  New  Orleans,  La. 

INTRODUCTION 

Meyer  et  al.  (1948)  showed  that  certain  natural  and  synthetic  estro¬ 
gens  in  concentrations  of  0.2  to  3X 10“'  M  inhibit  tissue  respiration 
by  attacking  the  iron  compounds  in  the  cytochrome  system.  The  portion 
of  the  estrogenic  molecule  responsible  for  this  inhibition  was  traced  to  the 
free  phenolic  groups  of  these  compounds.  Case  and  Dickens  (1948)  de¬ 
scribed  some  synthetic  estrogens  which  inhibit  the  .succinoxidase  by  acting 
on  the  cytochrome  portion,  some  which  inhibit  by  acting  on  the  succinic 
dehydrogenase  system,  and  still  others  which  inhibit  the  over-all  oxidation 
of  succinate  but  which  act  neither  on  the  cytochrome  oxidase  nor  the  suc¬ 
cinic  dehydrogenase. 

Data  are  herein  reported  which  suggest  a-estradiol,  some  of  its  esters, 
and  estrone  in  a  concentration  of  5X 10  "  M  inhibit  oxidation  of  substrates 
whose  oxidative  systems  are  coenzyme  linked  but  do  not  inhibit  the  suc¬ 
cinoxidase  system. 


MATERIALS  AND  METHODS 

a-Estradiol  (m.  p.  176.5-177.5°  C.),  the  17-propionate  (ni.  p.  200-202°  C.),  the  3- 
trimethylacetate  (m.  p.  185-186°  C.),  and  estrone  (m.  p.  260-261°  C.)  were  dissolved  in 
alcohol  in  a  concentration  of  75X10“*  M.  Two-tenths  of  a  milliliter  of  the  alcoholic  solu¬ 
tion  was  used  per  flask  unless  otherwise  specified.  a-Estradiol-17-hemisuccinate  (m.  p. 
163-164°  C.),  and  the  3,  17-dissuccinate  (m.  p.  166-167.5°  C.)  were  dissolved  in  tn,  75 
S0rensen  phosphate  buffer  pH  7.0  at  a  concentration  of  75X10“*  M.  Lactate,  isocitrate, 
glutamate  and  succinate  substrates  were  prepared  from  their  acids  by  neutralization.  A 
3%  solution  of  glycerophosphate  was  prepared  from  a  mixture  of  a  and  B  forms  contain¬ 
ing  51%  and  49%  B.  Neutralization  was  not  necessary. 
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Male  rats  of  the  Fisher  strain  ranging  in  age  from  2-4  months  and  weighing  100  to 
200  gm.  were  decapitated  and  1.5  gm.  of  liver  was  placed  in  30  ml.  of  m/75  phosphate 
buffer  to  which  had  been  added  0.45  gm.  of  nicotinamide  (0.123  M).  Homogenization 
was  performed  in  a  cold,  all-glass,  hand  homogenizer. 

Oxygen  consumption  was  measured  for  one  hour  in  Warburg  flasks  at  37.5°  C.  at  a 
.shaking  speed  of  80  strokes  per  minute.  The  center  well  of  these  flasks  contained  0.2  ml. 
of  saturated  sodium  hydroxide  and  a  filter  paper  strip  measuring  22  mm.  by  25  mm. 
rolled  in  such  a  fashion  that  1  mm.  of  the  paper  extended  over  the  top  of  the  center 
well.  Two  milliliters  of  the  homogenate  and  0.2  ml.  of  1.5%  substrate  were  added  to  the 
main  chamber.  The  3%  solution  of  the  mixed  glycerophosphates  was  employed  as  1 .5% 
a-glycerophosphate.  The  medium  containing  the  steroid  was  added  to  the  side  arm  and 
water  was  added  to  the  main  chamber  to  bring  the  total  liquid  contents  of  the  flasks 
to  3.0  ml.  After  a  warm-up  period  of  5  minutes,  the  estrogens  were  tipped  in  and  the 
manometers  clo-sed.  This  point  was  considered  zero  time.  Except  for  figure  3A,  the  es¬ 
trogen  content  in  the  final  incubation  mixture  was  5X10~“  M.  The  data  given  are  the 
averages  of  several  experiments  and  are  presented  as  oxygen  consumption  for  the  first 
hour. 


o  Homogenate- Succ'mote  •  Homogenate -Succinate -E (trod lot 

□  Homogenate-Isocitrate  ■Homogenate-lsocitrate-Estradiol 

A  Homogenote-toctate  •  A  Homogenote -Lactate -Estradiol 

Fig.  1.  The  O2  uptake  of  rat  liver  mince  with  added  substrate 
in  the  presence  of  a-estradiol. 
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Glycerophosphote  Mince 

■  Homogenate 

O  Increment  due  to  Substrate 

O  Homogenate  -I-  Estrodiol 

□  Increment  due  to  Substrate  -t*  Estrodiol 

%  After  Pordee  Potter 

Fig.  2.  The  O2  uptake  of  rat  liver  mince  with  added  substrate 
in  the  presence  of  a-estradiol. 

When  the  homogenates  were  studied  by  the  method  of  Pardee  and  Potter  (1949),  the 
constituents  were  mixed,  jilaced  in  the  refrigerator,  and  given  ample  time  for  cooling 
before  the  animals  were  killed.  Homogenization  was  then  carried  out  after  the  liver 
had  been  added  directly  to  the  mixture. 

RESULTS 

The  rate  of  oxygen  consumption  of  the  rat  liver  homogenate  in  pho.s- 
phate  buffer,  which  was  low  initially  (14  jul  at  10  min.),  decreased  rapidly 
(16  m1  at  20  min.).  When  the  liver  was  homogenized  in  buffer  containing 
nicotinamide,  the  initial  rate  of  oxygen  consumption  was  higher  as  was 
the  total  oxygen  consumption  during  the  first  hour.  The  addition  of  alcohol 
to  the  homogenate  made  in  nicotinamide  had  no  significant  effect  on  the 
oxygen  con.sumption  of  the  medium. 

In  accordance  with  the  work  of  Pardee  and  Potter  (1949),  the  oxygen 
consumption  of  the  homogenate  with  added  substrates  was  greatly  in- 
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creased  both  initially  and  throughout  the  first  hour.  Addition  of  succinate 
increased  the  oxygen  consumption  of  the  homogenate,  although  to  a  lesser 
degree  than  the  mixture  of  substrates  according  to  Pardee  and  Potter. 

Oxygen  consumption  of  the  homogenate  containing  added  substrates 
was  significantly  decreased  by  the  addition  of  a-estradiol  except  in  those 
homogenates  containing  added  succinate  or  the  system  adopted  from 
Pardee  and  Potter  (1949).  Representative  curves  are  shown  in  figure  1 
and  the  data  are  summarized  in  figure  2.  Inhibition  of  the  rate  of  oxygen 
consumption  was  most  pronounced  in  the  case  of  isocitrate.  In  most  cases 
the  oxygen  consumption  of  homogenate  with  alcohol  was  not  inhibited  by 
a-estradiol. 

It  is  known  that  a-estradiol  is  only  slightly  soluble  in  water.  A  suspen¬ 
sion  of  a-estradiol  was  made,  however,  in  phosphate  buffer  following  the 
method  of  Lehninger  and  Scott  (1947),  and  this  suspension  was  added  to 
the  homogenate.  With  added  lactate  oxygen  consumption  was  not  in¬ 
hibited  (Fig.  3A).  Ethanol  was  added  in  various  concentrations  to  this  sus¬ 
pension  to  increase  the  amount  of  estrogen  in  solution.  Addition  of  alcohol 
such  that  the  final  medium  contained  alcohol  in  3.5%  concentration,  and 
doubling  the  amount  of  a-estradiol  added,  also  failed  to  inhibit  oxygen 
consumption  (Fig.  3B).  When  the  alcoholic  concentration  was  increased  to 
7  and  11%,  there  was  pronounced  inhibition  when  the  suspension  contain- 


■  Homogenate 
O  Increment  due  to  Loctote 
O  Homogenate  +  Estrodiol 
O  Increment  due  to  Lactate  i- Estradiol 

Fig.  3.  The  effect  of  soluble  a-estradiol  as  determined  by  alcoholic  concentration. 
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Experiment 

Alcoholic 

Concentration 

a-estradiol 
added  per 
flask 

%  inhibition  of 
preparation  due  to 
added  lactate 

A 

0% 

20  /ug. 

0 

B 

3.5% 

45  Mg. 

0 

C 

45  Mg. 

35 

D 

11.0% 

45  Mg. 

63 

ing  a-estradiol  was  added  (Fig.  3,  C  and  D).  The  amount  of  inhibition  in¬ 
creased  with  increase  in  alcoholic  concentration.  Each  experiment  \vas  the 
average  of  three  separate  determinations  and  the  blanks  contained  the 
same  concentration  of  alcohol  as  did  the  solutions  containing  estrogen. 


Lactate  Glutamate  Isacitrate  Succinate 

Glyceraphosphate 


■  Homogenate 
O  Increment  due  to  Substrate 
C3  Homogenote  -t-  Estrone 
ES  Increment  due  to  Substrate  -t-  Estrone 

Fig.  4.  The  O2  uptake  of  rat  liver  mince  with  added  substrate 
in  the  presence  of  estrone. 

Estrone  showed  essentially  the  same  effect  as  estradiol,  inhibiting  oxy¬ 
gen  consumption  of  homogenate  containing  added  lactate,  glutamate,  glyc¬ 
erophosphate  and  isocitrate  but  not  that  of  homogenate  with  succinate 
(Fig.  4).  a-Estradiol-1 7-propionate  and  a-estradiol-3-trimethylacetate 
(Fig.  5)  inhibited  the  oxygen  consumption  of  lactate  and  isocitrate.  The 
two  esters  of  a-estradiol,  the  17-hemisuccinate  and  the  3,  17-disuccinate 
were  sufficiently  soluble  in  water  to  enable  a  study  of  their  effect  in  non- 
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Lactate  Isocitrate  Lactate  Isocitrate 


■  Homogenote 

EZl  Increment  due  to  Substrote 
E3  Homogenote  +  Estrodiol  Ester 
a  Increment  due  to  Substrote  +  Estrodiol  Ester 

Fig.  5.  The  O2  uptake  of  rat  liver  mince  with  added  substrate 
in  the  presence  of  estradiol  esters. 

alcoholic  media  (Fig.  6).  These  esters  in  non-alcoholic  media  were  also 
found  to  inhibit  oxygen  consumption  of  the  homogenate  with  lactate  and 
isocitrate. 

DISCUSSION 

The  observed  oxygen  consumption  of  rat  liver  homogenate  is  a  compos¬ 
ite  of  oxidation  of  different  substrates.  Therefore,  the  reflected  oxygen 
consumption  is  a  composite  of  oxygen  utilization  through  several  systems 
of  the  tis.sue. 

When  an  excess  of  one  substrate  is  present,  the  proportion  of  its  contri¬ 
bution  to  over-all  oxygen  consumption  is  increased.  The  contribution  of  the 
enzyme  system  involved  in  the  oxidation  of  the  substrate  is  also,  thereby, 
increased.  Thus,  when  lactate  is  added  in  excess  in  an  animal  tissue  homog¬ 
enate,  the  proportion  of  oxygen  consumption  utilized  through  the  co¬ 
enzyme  I  system  is  increased.  Not  all  the  increased  oxygen  consumption 
need  be  utilized  through  this  system,  however,  since  the  products  formed 
from  the  oxidation  of  lactate  may  in  turn  be  oxidized  through  other  sys¬ 
tems. 

All  the  above  substrates  are  normally  oxidized  through  the  cytochrome 
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■  Homogenate 
O  Increment  due  to  Substrate 
EH  Homogenate  -t-  Estradiol  Ester 
O  Increment  due  to  Substrate -I-  Estradiol  Ester 

Fig.  ().  The  O2  uptake  of  rat  liver  mince  with  added  substrate 
in  the  presence  of  e.stradiol  esters. 

system.  The  fact  that  the  extent  of  inhibition  of  oxygen  consumption  by 
a-estradiol  is  dependent  upon  the  type  of  substrate  used  would  suggest 
that  cytochrome  c  and  cytochrome  oxidase  are  not  affected  by  the  steroids. 

It  has  been  demonstrated  that  the  alcohol  used  in  the  above  systems  en¬ 
hance  the  inhibition  of  respiration  by  a-estradiol.  This  action  by  the  alco¬ 
hol  is  attributed  to  its  solubilizing  effect  on  the  slightly  water-soluble 
steroid.  The  results  demonstrate  that  a  system  containing  11%  alcohol  re¬ 
sults  in  greater  inhibition  of  the  oxygen  uptake  by  the  steroid  than  the  7% 
alcohol  system  used  in  general  in  this  work.  The  latter  system  was  used  in 
preference  to  the  11%  alcoholic  system  to  minimize  interference  of  the 
oxygen  uptake  by  high  concentrations  of  this  agent. 

It  is  significant  that  the  oxygen  uptake  of  the  system  formulated  by 
Pardee  and  Potter  (1949)  to  promote  and  stabilize  oxidative  phosphoryla¬ 
tion  by  the  homogenate  is  not  inhibited  by  the  estrogens.  From  the  data 
presented  in  this  paper  it  would  seem  that  the  system  or  systems  stabilized 
by  their  method  did  not  include  coenzyme  I  and  II  linked  oxidations. 

It  is  suggested  that  the  site  of  inhibition  by  a-estradiol  and  its  deriva¬ 
tives  is  in  the  systems  involving  the  coenzymes  I  and  II.  It  has  been  shown 
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by  Pearlman  and  Dimeio  (1949)  and  more  recently  by  Ledogar  and  Jones 
(1950)  that  estrone  can  be  isolated  from  an  incubation  mixture  of  a-es- 
tradiol  and  preparations  from  rat  liver.  In  view  of  this,  the  possibility  of 
estrone  being  the  true  inhibitor  in  the  present  study  cannot  be  overlooked. 
Also,  since  there  is  a  possibility  that  hydrolysis  of  the  esters  of  a-estradiol 
occurred,  the  inhibiting  effect  of  these  esters  could  be  due  to  the  free  parent 
estrogen. 

SUMMARY 

The  oxygen  consumption  of  rat  liver  homogenate  with  added  substrates 
was  studied.  Added  substrates  considerably  raised  the  oxygen  consump¬ 
tion  of  the  homogenate.  Addition  of  a-estradiol,  some  of  its  esters  or  es¬ 
trone  decreased  the  oxygen  consumption  of  homogenates  containing  those 
substrates  which  are  oxidized  by  the  intermediation  of  coenzymes  I  and  II 
but  not  that  of  succinoxidase.  Since  the  estrogens  do  not  inhibit  all  cyto¬ 
chrome  linked  oxidations,  it  has  been  concluded  that  this  phenomenon  is 
specific  for  coenzyme  I  and  II  linked  oxidations. 

REFERENCES 

Cask,  K.  M.  and  F.  Dickkns:  Biochem.  J.  43;  181.  1948. 

Ledogar,  J.  A.  and  H.  W.  Jones:  Science  112:  536  1950. 

Lehninger,  a.  L.  and  W.  W.  Scott:  Endocrinology  40:  9.  1947. 

Meyer,  R.  K.  and  W.  M.  McShan:  Bio.  Antioxidants,  Trans.  3rd  Conf.  pp.  115-130 
(1948). 

Pardee,  A.  B.  and  Van  R.  Potter:  J.  Biol.  Chem.  181:  739.  1949. 

Pearlman,  W.  H.  and  R.  H.  DeMeio:  Fed.  Proc.  Part  I  8:  235.  1949. 


CHANGES  IN  THE  ADENOSINE  TRIPHOSPHATE  AND 
CREATINE  PHOSPHATE  CONTENT  OF  THE  RABBIT 
UTERUS  THROUGHOUT  SEXUAL  MATURATION 
AND  AFTER  OVULATION 

JOHN  H.  MENKES'  and  ARPAD  CSAPO^ 

Department  of  Embryology,  Carnegie  Institution  of  Washington,  Baltimore 

IF  ONE  accepts  the  current  view  that  the  actomyosin-adenosine  tri¬ 
phosphate  system  is  responsible  in  a  final  sense  for  muscular  contrac¬ 
tility  (Mommaerts,  1950;  Sandow,  1949;  Straub,  1950;  Szent-Gyorgyi, 
1951)  it  seems  reasonable  to  look  for  possible  changes  in  this  system  when 
variation  occurs  in  the  contractility  pattern  of  the  living  muscle  itself. 
Changes  occurring  at  the  molecular  level  might  help  to  understand  muscle 
function  as  well  as  the  nature  of  its  variation. 

For  an  investigation  of  this  kind  the  uterus  during  the  course  of  sexual 
maturation,  menstrual  or  estrous  cycle,  and  pregnancy  offers  valuable  ma¬ 
terial.  Changes  in  myometrial  contractility  in  these  conditions  and  the 
part  played  by  the  sexual  hormones  in  producing  them  have  been  thor¬ 
oughly  studied  with  a  great  variety  of  experimental  animals  and  tech¬ 
niques  in  vivo  as  well  as  in  vitro.  It  is  impossible  even  to  outline  in  this 
paper  the  published  results  on  this  subject  and  the  authors  refer  the  reader 
for  literature  to  the  recent  detailed  review  of  Reynolds  (1949). 

The  first  step  in  studying  the  actomyosin  (AM)  system  quantitatively 
under  different  reproductive  and  hormonal  conditions  was  made  by  one  of 
us  who  observed  that  the  AM  concentration  of  human,  rabbit  and  rat  uteri 
increases  with  advancing  pregnancy  (Csapo,  1948,  1950a).  Similar  but 
more  extreme  changes  in  the  concentration  of  the  contractile  proteins  have 
been  observed  during  embryonic  development  in  chick  skeletal  muscle 
(Csapo  and  Herrmann,  1951).  Evidence  was  also  given  that  following 
ovariectomy  the  AM  concentration  of  rabbit  uteri  and  the  adenosine  tri¬ 
phosphatase  (ATP-ase)  activity  decrease.  The  administration  of  estrogen 
on  the  other  hand  initiates  a  recovery  towards  the  situation  existing  in 
estrus  (i.e.  before  ovariectomy)  (Csapo,  1950b).  It  has  been  concluded 
from  these  observations  that  a  quantitative  relationship  exists  (under  the 
conditions  studied)  between  estrogen  and  AM  content.  This  might  be  con- 
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sidered  one  factor  responsible  for  changes  in  myometrial  contractility  dur¬ 
ing  the  course  of  pregnancy,  before  and  after  ovariectomy,  and  after  ovari¬ 
ectomy  followed  by  estrogen  administration. 

The  present  study,  which  deals  with  the  phosphorus  compounds  of  the 
uterus,  is  a  further  step  in  this  direction,  since  not  AM  but  AM-ATP  is 
considered  to  be  the  final  contractile  system.  The  role  of  ATP  in  muscle 
contraction  has  been  studied  extensively  on  living  muscle  as  well  as  on 
models  (such  as  AM-threads,  glycerol-treated  and  washed  muscle  fibers) 
with  a  great  variety  of  techniques.  The  discussion  of  these  results  is  be¬ 
yond  the  scope  of  this  paper.  (For  references  see  Buchthal  and  Kahlson, 
1946;  Deuticke,  1932;  Engelhard!  and  Ljubimova,  1942;  Szent-Gyorgyi, 
1951). 

The  importance  of  ATP  in  the  energetics  of  muscular  contractility  was 
first  indicated  by  Lundsgaard’s  experiments.  He  observed  (1930)  that 
monoiodoacetic  acid  (lAA)-poisoned  skeletal  muscle  in  nitrogen  performs 
only  100  contractions,  whereas  the  unpoisoned  muscle  exhibits  several 
hundred.  He  also  demonstrated  that  the  energy  liberated  by  lAA-poisoned 
muscle  in  anoxia  is  proportional  to  the  breakdown  of  creatine  phosphate 
(PC)  and  under  these  conditions  ATP  disappears  on  stimulation  (1934). 
In  view  of  these  facts  and  of  Lohmann’s  finding  on  the  P  transfer  between 
PC  and  ATP  (1934),  and  with  the  help  of  his  conclusion  that  the  break¬ 
down  of  ATP  to  adenosine  diphosphate  (ADP)  should  precede  that  of  PC, 
it  can  be  assumed  that  ATP  represents  the  immediate  source  of  energy  for 
muscular  contraction.  Since  an  equilibrium  exists  between  ATP  and  PC, 
P  transfer  proceeds  with  considerable  speed  in  either  direction  as  deter¬ 
mined  by X  the  muscle  activity  itself.  It  is  possible  therefore  to  say  that 
ATP -|- PC  together  represent  the  immediate  source  of  energy  for  contrac¬ 
tility. 

ATP  has  two  “high-energy  phosphate  bonds”  (~ph)  (Lipmann,  1941) 
while  PC  has  one  such  bond,  each  representing  11,000  calories  of  free 
energy  per  mole  if  split.  This  chemical  energy  can  be  considered  the  source 
of  the  mechanical  energy  for  muscular  work.  Although  the  manner  in  which 
this  transformation  of  energy  occurs  is  still  unknown,  it  seems  reasonable 
to  study  the  concentration  of  high-energy  phosphate  compounds  in  relation 
to  uterine  contractility. 

Preliminary  work  of  this  kind  has  already  been  reported  by  Csapo  and 
Gergely  (1950).  It  was  observed  that  the  rabbit  uterus  in  estrus  contained 
1/7  of  the  high-energy  phosphates  present  in  skeletal  muscle  and  also  the 
number  of  contractions  obtained  from  these  uteri  in  lAA  poisoning  com¬ 
bined  with  anoxia  was  only  1/7  of  the  number  obtained  by  Lundsgaard  in 
experiments  with  skeletal  muscle.  Thus  it  was  concluded  that  the  energy 
requirement  for  a  single  .contraction  cycle  would  be  of  the  same  order  of 
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magnitude  for  both  kinds  of  muscle,  and  in  terms  of  high-energy  phosphate 
bonds  it  would  correspond  to  about  0.25  /xM  per  contraction  per  gram.  This 
figure  is  identical  with  that  calculated  by  Hill  (1949,  1950)  on  the  basis  of 
direct  heat  measurements  of  a  single  twitch  of  skeletal  muscle. 

Both  ATP  and  PC  have  previou.sly  been  determined  in  the  uteri  of  dif¬ 
ferent  species  but  without  attention  to  reproductive  condition  (Eggleton 
and  Eggleton,  1930;  Lohmann,  1928;  Momigliano,  1932;  Sbutega  and  De 
Veszelka,  1936;  Siracusa,  1929).  An  extensive  study  of  the  high-energy 
phosphate  content  of  the  uterine  muscle  of  rats  and  rabbits  after  castra¬ 
tion  and  castration  followed  by  estrogen  administration  has  been  reported 
by  Walaas  and  Walaas  (1950).  Extremely  low  values  were  observed  for 
ATP-bPC  (0.5  to  0.6  /xAI  per  gram  of  muscle)  in  both  species.  The.se  values 
are  about  5  times  le.ss  than  those  reported  by  Csapo  and  Gergely  (1950) 
for  the  rabbit  uterus  in  estrus.  No  direct  comparison  is  po.ssible  however 
between  the  two  figures  because  one  was  obtained  by  observing  the  iso¬ 
lated  muscle  layer  (of  castrated  and  estrogen-treated  animals)  and  the 
other  from  a  whole  segment  of  rabbit  uterus  (in  natural  estrus).  A  few  com¬ 
ments  however  may  be  constructive  and  will  be  given  below. 

METHODS 

Experimental  animals.  Female  rabbits  from  the  same  stock  were  used.  They  were 
divided  into  six  groups,  depending  on  their  age  and  difference  in  their  reproductive 
conditions. 

1.  The  term  ‘'immature”  defines  75  day  old  animals  weighing  1900  +  100  grams. 
Sections  of  the  uterine  walls  and  the  ovaries  show  a  histological  picture  typical 
of  this  condition.  The  ovaries  contain  follicles  not  larger  than  0.6  mm.  in  diameter. 
The  uterus  is  2.5  to  3.5  mm.  in  diameter,  with  endometrium  containing  shallow 
crypts,  but  no  glands  in  the  deeper  part  of  the  stroma.  The  myometrium  is  about 
0.25  to  0.5  mm.  thick,  measured  opposite  the  me.sometrial  attachment. 

2.  The  term  “adolescent”  is  used  to  describe  virgin  female  animals  four  months  old 
weighing  2500  +  150  grams  which  are  not  quite  mature,  but  their  uteri  are  defi¬ 
nitely  more  developed  than  those  of  the  immature  group.  The  histological  picture 
also  shows  a  kind  of  intermediate  stage  between  immaturity  and  full  maturity 
(estrus).  The  uterus  is  3.0  to  5.0  mm.  in  diameter.  In  addition  to  shallow  crypts 
near  the  surface,  the  endometrium  now  contains  a  few  glands  in  the  deeper  part 
of  the  stroma.  The  surface  epithelium  is  still  cubiodal,  the  myometrium  is  0.5  to 
1.0  mm.  thick. 

3.  The  term  “mature,  in  estrus”  means  ten  month  old  virgin  females  weighing 
3.500  +  300  grams  which  were  mated  10  minutes  previous  to  the  experiment.  Suc¬ 
cessful  mating  indicates  that  the  animals  were  in  estrus,  in  agreement  with  the 
histological  picture  of  the  uterine  wall  and  the  ovaries.  The  ovary  contains  follicles 
up  to  1  mm.  in  diameter.  The  uterus  is  1  to  7  mm.  in  diameter.  The  endometrial 
crypts  are  shallow  to  deep.  The  glands  in  the  stroma  are  numerous.  The  surface 
epithelium  is  low  columnar.  The  myometrium  is  more  than  1  mm.  thick. 

4.  The  term  “anestrous”  is  used  to  describe  mature  virgin  female  animals  10  months 
old,  weighing  3500  +  300  grams,  10  minutes  after  unsuccessful  mating.  Theoreti- 
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cally  unsuccessful  mating  might  be  due  to  two  causes.  One  possibility  is  that  prior 
to  mating  spontaneous  ovulation  occurred.  (This  is  considered  very  rare  in 
rabbits.)  Another  might  be  that  the  natural  hormonal  stimulus  necessary  to 
bring  about  estrus  was  inadequate.  In  our  experimental  animals  the  subsequent 
hi.stological  control  points  to  the  second  possibility.  The  ovaries  contain  follicles 
up  to  0.6  mm.  The  uterus  is  about  5.0  mm.  in  diameter.  The  endometrium  contains 
shallow  crypts  and  few  glands  in  the  stroma.  The  myometrium  is  0.6  to  0.75  mm. 
thick.  These  uteri  therefore  are  more  similar  to  those  grouped  as  “adolescent,” 
than  to  those  of  “estrus”  although  as  far  as  age  and  weight  are  concerned  they 
are  similar  to  the  estrous  animals. 

5.  The  term  “pseudopregnant”  refers  to  ten  month  old  virgin  females  weighing 
3300  +  300  grams  which  were  mated  3  to  7  days  before  the  experiment  to  a  vasec- 
tomized  male,  thus  inducing  corpus-luteum  formation  without  impregnation. 
The  histological  picture  clearly  shows  the  existence  of  pseudopregnancy,  in  which 
condition  the  uterus  is  known  to  be  under  the  dominance  of  the  corpus-luteum 
hormone,  progesterone.  This  condition  is  comparable  to  the  progestational  period 
of  other  animals  which  ovulate  spontaneously.  The  ovar}'  contains  corpora  lutea. 
The  endometrium  is  in  the  progestational  state. 

6.  The  term  “pregnant”  is  used  in  describing  primiparous  animals  4000  ±500 
grams  which  were  mated  10  to  21  days  prior  to  the  experiment.  “At  term”  rabbits 
are  32  day  pregnant  animals  a  few  hours  before  labor,  as  indicated  by  a  small 
amount  of  bleeding  from  the  vagina. 

PROCEDURE 

The  animals  were  anesthetized  intravenously  with  Nembutal,  40  mg. 
per  kg.  body  weight  dissolved  in  Locke  solution  (20  mg.  per  ml.).  Ten  min¬ 
utes  after  the  injection  of  the  anesthetic,  and  thus  in  deep  anesthesia,  a 
median  laparotomy  was  performed.  First  the  left  ovarian  end  of  the  bi- 
cornuate  uterus  was  lifted  out  (by  grasping  the  mesometrium  with  the  for¬ 
ceps)  and  a  segment  about  2  cms.  long  was  very  quickly  cut  away  from  the 
mesometrium  and  from  the  rest  of  the  horn  and  immersed  in  a  mixture  of 
dry  ice  and  ether.  The  same  was  then  done  with  the  right  horn.  The  two 
segments  thus  obtained  were  separately  but  synchronously  analyzed  later 
as  controls  for  each  other. 

The  uterine  segments  were  weighted  in  the  deeply  frozen  state  on  a  tor¬ 
sion  balance.  The  amount  of  uterus  used  throughout  the  whole  experiment 
was  about  500  mg.  While  still  in  the  deeply  frozen  state,  the  segments  were 
placed  in  a  glass  homogenizer  (Potter-Elvehjem  type)  containing  5  ml.  of 
5%  ice  cold  trichloroacetic  acid.  The  samples  were  then  homogenized  for 
1  minute  at  0°  C.  (in  an  ice-water  mixture)  at  800  RPM.  This  homogeniza¬ 
tion  technique  was  .successfully  used  previously  for  other  purposes  (Csapo 
and  Herrmann,  1951).  The  samples  thus  obtained  were  filtered  in  a  re¬ 
frigerator  at  —20°  C.  into  an  Erlenmeyer  flask  of  25  ml.  capacity  which 
was  previou.sly  kept  for  about  an  hour  at  this  temperature.  The  drops  of 
trichloroacetic  extract  leaving  the  filter  paper  became  frozen  immediately 
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upon  reaching  the  bottom  of  the  flask.  After  filtration  was  completed,  the 
samples  were  kept  at  room  temperature  and  by  shaking  the  container  by 
hand,  they  were  slowly  melted  until  0°  C.  had  been  reached.  Samples  for 
chemical  determinations  of  high-evergy  phosphate  compounds  were  taken 
from  this  filtrate.  Thus  the  whole  procedure  went  on  without  delay  and 
the  temperature  of  the  samples  was  always  kept  at  or  below  0°  C. 

Chemical  Determination  of  the  Phosphorus  Compounds.  Inorganic  P,  in¬ 
organic  P-I-PC,  and  P  hydrolyzed  in  1  N  HCl  for  7  minutes  were  deter¬ 
mined.  For  inorganic  P  the  method  of  Lowry  and  Lopez  was  used  (1946). 
The  P  in  other  fractions  was  determined  by  the  method  of  Fiske  and  Sub- 
barow  (1925).  The  difference  between  inorganic  P-|-PC  and  inorganic  P 
w'as  expressed  as  PC,  and  the  difference  between  the  7  minute  labile  P  and 
inorganic  P-t-PC  as  ATP  (1  mole  ATP  per  2  moles  labile  P).  Since  ATP 
and  ADP  cannot  be  distinguished  by  this  method  it  is  possible  that  our 
ATP  values  actually  represent  mixtures  (with  different  ratios)  of  ATP  and 
ADP.  Results  were  read  on  a  Coleman  spectrophotometer  at  a  wave  length 
of  56O7. 

RESULTS 

As  stated  above  segments  from  the  whole  uterine  wall  were  used  in  these 
experiments.  The  uterine  wall  is  composed  of  3  layers:  peritoneum,  myo¬ 
metrium  and  endometrium.  The  peritoneum  is  so  thin  that  it  probably 
does  not  interfere  with  the  quantitative  picture.  Since  only  the  myome¬ 
trium  plays  an  active  role  in  contractility,  our  interest  in  this  study  was 
concerned  mainly  with  this  layer.  We  isolated  the  myometrium  from  the 
endometrium  in  a  series  of  experiments  in  order  to  learn  how  this  treat¬ 
ment  alters  the  quantitative  picture  of  the  highly  labile  ~ph  compounds 
which  they  contain. 

For  this  purpose  a  sample  (A)  was  taken  from  the  living  animal  as  de¬ 
scribed  under  Methods.  Another  segment  from  the  same  horn  was  placed 
with  its  myometrial  side  on  the  glass  plate  lying  on  the  surface  of  a  solid 
C02-ether  mixture  and  was  thus  cooled  below  0°  C.  The  uterine  segment 
was  opened  at  the  mesometrial  attachment.  The  myometrial  side  (B),  be¬ 
ing  in  contact  with  the  cooled  plate,  immediately  froze,  but  a  1  to  2  minute 
period  permitted  the  isolation  of  the  endometrium  (C)  before  it  became 
completely  hard  (due  to  complete  freezing).  After  isolation  of  the  two 
layers  they  were  immersed  in  the  solid  CO  2-ether  mixture.  As  a  control 
sample,  another  segment  (D)  was  also  placed  on  the  cooled  glass  plate  and 
kept  there  in  anoxia  during  the  course  of  separation  of  the  two  layers  de¬ 
scribed  previously.  For  time  control,  finally,  a  sample  (E)  was  kept  at 
0°  C.  for  10  minutes  in  oxygenated  Locke  solution,  then  immersed  in  the 
freezing  mixture.  In  the  following  steps  the  standard  technique  (see 
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Methods)  was  used  for  all  samples.  The  results  obtained  are  summarized 
in  Table  1. 

One  can  see  from  these  results  that  the  highest  ~ph  value  is  obtained 
from  the  living  animal.  A  slight  decrease  occurs  even  after  10  minutes  at 
0°  C.  in  oxygenated  Locke  solution.  Both  the  myometrium  and  endome- 


Table  1.  Changes  in  concentration  of  the  phosphorus  compounds  of  rabbit  uterus 

DURING  THE  PROCEDURE  OF  SEPARATION  OF  ITS  LAYERS.  AlL  VALUES  IN 
MICROMOLES  PER  GRAM  TISSUE.  (SeE  TEXT  FOR  DESCRIPTION.) 


Uejiroduptive 

condition 

P  compounds 
mM  per  g. 
tissue 

A 

B 

C 

D 

E 

18  days  pregnant 

Inorganic  P 

3.26 

4.71 

3.99 

4.38 

2.84 

PC 

2.28 

0.51 

0.00 

— 

1 .61 

ATP 

3.56 

1.60 

1.50 

1 .58 

3.13 

Mature  nonpregnant 

Inorganic  P 

3.38 

4.71 

3.26 

4.02 

3.07 

PC 

0.94 

0.84 

0.10 

0.64 

0.84 

ATP 

3.29 

1.21 

0.87 

2.62 

2.86 

Mature  nonpregnant 

Inorganic  P 

PC 

3.90 

4.28 

3.03 

3.93 

2.84 

1 .26 

0.74 

— 

1.06 

2.58 

ATP 

1.81 

0.84 

0.42 

1 .94 

1.27 

trium  show  extremely  low  values  if  separated  with  no  PC  in  the  endome¬ 
trium.  The  control  sample  which  was  kept  under  similar  conditions  but 
was  not  subjected  to  separation,  shows  considerably  higher  values  than 
the  separated  layers,  but  still  lower  than  those  obtained  from  the  living 
animal  or  after  ten  minutes  at  0°  C.  in  oxygenated  Locke  solution. 

As  an  additional  experiment  we  took  a  sample  directly  from  the  living 
animal  (No.  1)  and  kept  6  pieces  from  the  same  uterus  under  different  con¬ 
ditions.  One  was  left  at  0°  C.  (No.  2)  and  another  at  37°  C.  (No.  3)  for  15 


Table  2.  Changes  in  concentr.ation  of  the  ATP  +  PC  content  of  the  uterus  due  to 
ANOXIA  AND  SUBSEQUENT  OXYGENATION.  AlL  VALUES  IN  MICROMOLES 
PER  GRAM  UTERUS.  (SeE  TEXT  FOR  DESCRIPTION.) 


No. 

Condition  previous  to  determination 

ATP+PC 
piM  per  1  g. 
tissue 

1 

Living  animal 

3.33 

2 

15  min.  anoxia  at  0°  C.  in  Locke  solution 

1.31 

3 

15  min.  anoxia  at  37°  C.  in  Locke  solution 

0.68 

4 

15  min.  anoxia  at  0°  C.  in  Locke  solution  and  15  min. 
subsequent  oxygenation  at  0°  C. 

1.63 

5 

15  min.  anoxia  at  37°  C.  in  Locke  solution  and  15  min. 
subsequent  oxygenation  at  0°  C. 

1.18 

6 

30  min.  at  0°  Q.  in  oxygenated  Locke  solution 

3.32 
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minutes  in  Locke  solution  without  oxygenation.  After  15  minutes  one  half 
of  each  of  these  samples  was  placed  in  the  freezing  mixture;  the  other  half 
was  immersed  in  an  oxygenated  Locke  solution  at  0°  C.  for  another  15 
minutes  (Nos.  4  and  5).  A  sample  (No.  6)  was  also  taken  from  the  living 
animal  and  kept  at  0°  C.  for  30  minutes  in  oxygenated  Locke  solution.  The 
results  are  summarized  in  Table  2. 

One  can  see  from  Table  2  that  there  is  no  significant  difference  between 
Samples  1  and  6,  but  anoxia  results  in  a  considerable  loss  to  the  ~ph  con¬ 
tent  even  at  0°  C.  This  decrease  can  be  only  slightly  reversed  by  subse¬ 
quent  oxygenation.  These  experiments  suggest  that  during  preparation  the 
~ph  compounds  of  the  uterus  decrease  even  at  0°  C.  if  the  muscle  is  kept 
in  anoxia.  Further  loss  in  these  compounds  occurs  if  the  samples  are 


Table  3.  Concentration  of  phosphorus  compounds  in  the  uteri  of  immature 
RABBITS  (75  DAYS  OLd).  AlL  VALUES  IN  MICROMOLES  PER  ORAM 
UTERUS.  (See  text  for  description.) 


No. 

Inorganic  P 

PC 

ATP 

Inorganic  P 
+  PC+ATP 

PC  +  ATP 

167 

2.93 

0.61 

2.05 

5.59 

2.66 

3.06 

0.16 

1 .82 

5.04 

1 .98 

168 

2.96 

0.06 

2.34 

5.36 

2.40 

4.44 

0 

2.45 

6.89 

2.45 

169 

2.45 

0 

1 .27 

3.72 

1 .27 

3.38 

0 

1 .97 

5.35 

1.97 

Average 

3.20 

0.14 

1.98 

5.33 

2.12 

handled  with  scissors  or  razor  blades  (mechanical  irritation?)  during  the 
process  of  separation  of  the  layers.  We  therefore  used  whole  uterine  seg¬ 
ments  in  the  following  experiments,  taking  samples  directly  from  the  living 
animal. 

We  turn  now  to  our  findings  on  the  ~ph  content  of  the  rabbit  uterus  in 
different  reproductive  conditions.  As  shown  in  Table  3  the  undeveloped 
uteri  of  immature  rabbits  (see  description  under  Methods)  contain  the  low¬ 
est  ~ph  concentration  observed  in  this  series  of  experiments. 

The  high  inorganic  P  and  low  (almost  nil)  PC  values  are  conspicuous. 
The  control  samples  are  in  good  agreement. 

Table  4  shows  that  the  ~ph  concentration  of  adolescent  rabbit  uteri  is 
about  50%  higher  than  that  of  the  immature  animals. 

In  comparison  with  immature  animals  the  inorganic  P  in  this  group  is 
lower  and  PC  appears  in  considerable  quantity.  No  significant  change  can 
be  seen  in  ATP  concentration.  Controls  are  in  agreement. 

The  uteri  of  estrous  rabbits  (Table  5)  contain  almost  twice  as  much 
~ph  as  is  present  in  the  uteri  of  immature  rabbits. 
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Table  4. 

Concentration  of  phosphorus  compounds  in  the  uteri  of  adolescent 
RABBITS  (4  .MONTHS  OLD).  AlL  VALUES  IN  MICROMOLES  PER  GRAM 

UTERUS.  (See  text  for  description.) 

Xo. 

Inorganic  P 

PC 

ATP 

Inorganic  P 
+  PC+ATP 

PC+.\TP 

151 

2.19 

1.94 

1.84 

5.95 

3.76 

2.19 

1.81 

1.82 

5.82 

3.63 

152 

2.61 

0.87 

1.78 

5.26 

2.65 

2.3K 

0.64 

1.98 

5.00 

2.62 

153 

2.26 

1.10 

2.16 

5.52 

3.26 

2.00 

1.00 

2.35 

5.35 

3.35 

154 

2.4H 

0.48 

1.66 

4.62 

2.14 

2.68 

0.39 

1.79 

4.86 

2.18 

155 

3.19 

1.49 

1.24 

5.92 

2.73 

AveraRe 

2.44 

1.08 

1 .85 

5.37 

2.92 

Table  5.  Concentration  of  phosphorus  compounds  in  the  uteri  of  mature 
RABBITS  IN  ESTRUS  (10  MONTHS  OLD).  AlL  VALUES  IN  MICROMOLES 
PER  ORAM  UTERUS.  (SeE  TEXT  FOR  DESCRIPTION.) 


Xo. 

Inorganic  P 

PC. 

ATP 

Inorganic  P 
+  PC+ATP 

PC  +  ATP 

156 

3.38 

1 .29 

2.33 

7.00 

3.62 

2.87 

0.78 

2.48 

6.13 

3.26 

157 

2.58 

1.19 

2.56 

6.33 

3.75 

2.93 

1.61 

2.21 

6.75 

3.82 

158 

3.61 

1 .03 

2.00 

6.64 

3.03 

2.56 

1.36 

1.87 

5.81 

3.23 

159 

3.09 

1 .29 

2.55 

6.93 

3.84 

2.12 

1  .52 

3.21 

6.85 

4.73 

.Average 

2.90 

1.26 

2.40 

6.56 

3.66 

Table 

6.  CO.NCENTRATION 

OF  PHOSPHORUS 

COMPOUNDS 

IN  THE  UTERI 

OF  MATURE 

RABBITS  IN  ANESTRUS  (10  MONTHS  OLD).  AlL  VALUES  IN  MICROMOLES 
PER  GRAM  UTERUS.  (SeE  TEXT  FOR  DESCRIPTION.) 


No. 

Inorganic  P 

PC 

.ATP 

Inorganic  P 
+  PC+ATP 

PC  +  ATP 

165 

2.74 

1 .13 

2.42 

6.29 

3.55 

2.48 

1.26 

2.26 

6.00 

3.52 

166 

2.22 

0.61 

1.63 

4.46 

2.24 

1.81 

0.71 

1 .79 

4.31 

2.50 

Average 

2.31 

0.93 

2.02 

5.26 

2.95 
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Both  ATP  and  PC  values  are  higher  than  in  the  uteri  of  immature  or 
adolescent  rabbits.  Controls  are  in  agreement. 

The  uteri  of  rabbits  in  anestrus  show  (Table  6)  ~ph  values  similar  to 
those  of  the  adolescent. 

Both  inorganic  P  and  ~ph  values  in  this  group  are  similar  to  those  of 
adolescent  animals,  yet  these  anestrous  animals  were  similar  to  those  in 
estrus  (age,  weight,  stock)  except  that  mating  pre\nous  to  the  experiment 
was  unsuccessful.  It  seems  interesting  to  note  that  these  uteri  were  also 
histologically  similar  to  those  of  adolescence  and  not  those  in  estrus. 

The  uteri  of  pseudopregnant  rabbits  contain  even  higher  values  of  ~ph 
compounds  than  those  in  estrus  (Table  7). 


Table  7.  Concentration  ok  phosphorus  compounds  in  the  uteri  ok  mature 
RABBITS  IN  PSEUDOPREONANCY  (10  MONTHS  OLD).  AuL  VAI.I  E8  IN  MICRO¬ 
MOLES  PER  GRAM  UTERUS.  (SeE  TEXT  KOR  DESCRIPTION.) 


No.  and  days  of 
pseudopregnancy 

Inorganic  P 

PC 

ATP 

Inorganic  P 
-|-PC-|-.\TP 

PC-|-.\TP 

171-3  days 

3.38 

0.64 

3.61 

7.()3 

4.25 

2.77 

0.64 

3.61 

7.02 

4.25 

161-5  days 

2.19 

1.74 

2.58 

6.51 

4.32 

2.42 

1.48 

3.09 

6.99 

4.57 

162-5  days 

1 .29 

1.35 

2.80 

5.44 

4.15 

160-6  days 

2.38 

2.67 

2.32 

7.37 

4 . 99 

1.84 

1.74 

2.85 

6.43 

4.59 

164-7  days 

1.77 

1  .20 

2.88 

5.85 

4.08 

2.09 

1 .03 

2.40 

5 .52 

3.43 

Average 

2.24 

1.39 

2.90 

6.52 

4.29 

The  values  of  both  ATP  and  PC  are  higher  in  the  uteri  of  this  group 
than  in  those  of  estrous  animals.  The  inorganic  P  is  lower.  Controls  are  in 
agreement. 

DISCUSSION 

We  used  whole  rabbit  uterine  segments  in  our  series  of  experiments  and 
compared  the  ~ph  content  of  these  uteri  in  different  reproductive  condi¬ 
tions.  We  were  primarily  interested  in  the  ~ph  content  of  the  myome¬ 
trium,  this  layer  being  responsible  for  uterine  contractility.  We  found  how¬ 
ever  that  (with  the  techniques  now  available)  the  separation  of  the  myome¬ 
trium  from  the  endometrium  results  in  about  50%  loss  in  the  ~ph  com¬ 
pounds  as  compared  with  the  whole  uterine  wall.  While  this  loss  is  due  to 
the  preparation,  in  rabbits  (and  probably  in  other  animals,  which  have 
similar  uteri,  such  as  the  rat,  guinea  pig,  and  sow)  no  separation  of  the 
myometrium  from  the  endometrium  is  possible  without  considerable  loss 
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to  their  ~ph  content.  This  is  rather  unfortunate  as  these  animals  are  those 
most  commonly  used  in  reproductiv^e  physiology.  If  we  suppose  that  the 
decrease  in  the  two  layers  is  identical  during  the  period  of  separation,  then 
our  results  indicate  that  the  ATP  content  of  the  uterus  in  vivo  is  lower  in 
the  endometrium  than  in  the  myometrium.  PC  cannot  be  found  in  the 
separated  endometrium  at  all,  an  observation  which  may  suggest  that  this 
layer  does  not  contain  PC  under  in  vivo  circumstances.  This  conclusion  is 
rather  indirect  however.  It  seems  likely  that  our  ~ph  values  for  the  whole 
uterine  segments  are  not  higher  but  slightly  lower  than  the  actual  ATP 
and  PC  content  of  the  myometrium  should  be,  since  the  endometrium 
seems  to  contain  less  ATP  (and  no  CP)  than  the  myometrium  does  if  sepa¬ 
rated.  It  is  possible  that  the  endometrium  has  a  variation  (during  sexual 
maturation,  cycle  and  pregnancy)  in  its  ATP  content,  but  this  variation 
and  the  exact  ratio  in  the  ~ph  compounds  between  endometrium  and 
myometrium  cannot  be  studied  at  present  in  rabbits  (with  the  techniques 
described  previously).  In  humans  and  monkeys  this  study  might  be  pos¬ 
sible  how'ever  since  both  layers  are  thicker  and  samples  can  probably  be 
collected  from  the  living  individual. 

The  presence  of  ATP  in  human  myometrium  and  endometrium  has  ac¬ 
tually  been  observed,  and  a  quantitative  study  is  under  way  with  respect 
to  the  possible  changes  of  the  ~ph  concentration  in  the  two  uterine  layers, 
throughout  menstrual  cycle  and  pregnancy.  (Personal  communication. 
Dr.  V.  A.  Fullilove.) 

On  the  basis  of  our  study  we  suggest  that  the  low  ~ph  values  obtained 
by  Walaas  and  Walaas  (1950)  on  the  isolated  myometrium  of  the  rat  are 
partly  due  to  a  loss  of  ~ph  compounds  during  preparation.  On  uterine  seg¬ 
ments  of  rats  (5  animals  near  sexual  maturity)  we  obtained  an  average 
value  for  ~ph  of  1.5  ju^M  per  gram  of  tissue.  In  view  of  a  50%  loss  in  the 
high-energy  phosphate  compounds  during  the  separation  process  (as  indi¬ 
cated  by  Table  1),  this  value  decreases  to  0.75  juM  per  gram,  a  figure  which 
is  similar  to  their  finding  (0.5  to  0.6  /xM  per  gram  myometrium).  This  is 
an  indirect  calculation  however,  since  our  technique  was  probably  not 
quite  identical  with  their  experimental  methods. 

We  obtained  an  average  value  for  ~ph  in  the  uteri  of  estrous  rabbits  of 
3.6  /xM  per  gram.  This  figure  is  higher  than  that  obtained  previously  by 
Csapo  and  Gergely  (1950)  (2.6  nM  per  gram).  The  discrepancy  might  be 
due  to  differences  in  the  rabbit  colony  used,  but  more  likely  results  from 
slight  differences  in  preparatory  technique.  Our  ATP  values  for  rabbit 
skeletal  muscle  (psoas)  is  10  /xM  per  gram;  the  PC  is  19  nM  per  gram  on 
the  average. 

During  the  course  of  sexual  maturation  we  found  73  per  cent  increase 
in  the  ~ph  concentratioii  of  the  uterus  of  the  rabbit.  It  seems  to  be  note- 
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worthy  that  the  uterus  of  the  immature  animal  does  not  contain  a  signifi¬ 
cant  amount  of  PC.  The  uterus  of  the  immature  rabbit  is  known  to  be  in¬ 
active  (no  spontaneous  contractility)  and  therefore  presumably  does  not 
require  ~ph  compounds  for  contractility,  though  it  may  need  those  sub¬ 
stances  for  other  purposes.  As  a  result  of  estrogen  administration  to  the 
living  animal,  these  uteri  can  be  brought  into  spontaneously  active  condi¬ 
tion.  It  w'ould  be  interesting  to  learn  whether  such  treatment  would  result 
in  changes  in  the  ~ph  content  of  the  uterus  in  general  and  in  the  PC  con¬ 
tent  in  particular.  Walaas  and  Walaas  (1950)  reported  that  a  significant 
increase  in  the  ~ph  content  of  the  myometrium  in  castrated  and  subse¬ 
quently  estrogen-treated  rats  does  not  occur.  Since  increase  in  the  ~ph 
concentration  of  the  uterus  of  rabbits  during  sexual  maturation  is  reported 
in  this  paper,  more  detailed  study  of  this  question  is  indicated. 

Thus  far  we  are  able  to  say  only  that  the  natural  stimulus  of  sexual 
maturation  results  in  an  increase  in  the  ~ph  content  of  the  uterus  and 
whether  an  increased  estrogen  production  is  solely  responsible  for  this 
change  cannot  be  stated  as  yet. 

In  estrus  the  rabbit  contains  about  8  times  less  ^ph  compounds  (3.6  m^I 
per  gram  tissue)  than  present  in  the  skeletal  muscle  (psoas)  of  the  same 
species  (29.0  mM  per  gram  muscle).  A  similar  ratio  was  observed  by  Csapo 
and  Gergely  (1950).  It  might  be  interesting  to  mention  that  a  similar  ratio 
was  found  for  AM  in  the  two  types  of  muscle  (Csapo,  1950a;  Szent- 
Gyorgyi,  1945,  1951).  This  similarity  in  ratios  for  ATP  and  AM  between 
skeletal  and  uterine  muscle  suggests  that  from  a  quantitative  point  of  view 
a  stoichiometric  relation  which  is  similar  in  both  kinds  of  muscles  exists 
in  the  final  contractile  system  (AM: ATP).  On  the  basis  of  this  fact  and 
other  considerations  (such  as  unchanged  speed  of  the  in  intro  uterine  con¬ 
traction  when  the  ATP  concentration  decreases  in  the  course  of  fatigue; 
great  differences  in  the  speed  of  thread  contraction  of  skeletal  and  uterine 
AM  in  the  presence  of  similar  ATP  concentration)  the  authors  hesitate  to 
accept  the  view  (Walaas  and  Walaas,  1950)  that  the  low'  ATP  content  of 
the  uterus  is  responsible  for  the  slowness  of  the  uterine  contraction  cycle. 
It  is  more  likely  that  the  low  activity  of  those  (enzyme?)  systems  which 
are  involved  in  the  excitatory,  contraction  and  relaxation  processes  is  re¬ 
sponsible.  These  systems  are  largely  unknown  at  present  in  the  uterus,  for 
in  addition  to  a  few  studies  on  the  ATP-ase  activity  (Csapo,  1949,  1950b), 
only  some  viscosimetric  observations  are  available  (Csapo,  1949)  which  in¬ 
dicate  that  the  reaction  between  extracted  AM  and  ATP  is  slower  in  the 
case  of  uterine  than  of  skeletal  muscle.  Studies  with  AM-threads  (uterine 
and  skeletal)  point  to  the  same  conclusion  (Csapo,  1948;  1950a). 

After  ovulation  (i.e.  in  pseudopregnancy)  still  further  increase  was  ob¬ 
served  in  the  ~ph  concentration  of  the  rabbit  uterus.  Whether  this  in- 
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crease  actually  occurs  in  the  myometrium  or  is  due  to  progestational  pro¬ 
liferation  of  the  endometrium  (increase  in  the  glycogen  content  of  the  en¬ 
dometrium  has  been  observed  in  this  condition;  see  for  literature  Reynolds, 
1949)  cannot  yet  be  stated.  No  further  comment  is  possible  therefore  on 
this  point. 

In  this  section  the  authors  would  like  to  pre.sent  some  problems  in  re¬ 
gard  to  ~ph  concentration  during  pregnancy  instead  of  assumptions,  be¬ 
cause  the  experimental  data  are  not  yet  complete.  The  figures  listed  here 
were  not  presented  under  Results  on  account  of  certain  technical  difficulties 
involved  in  the  problem.  In  pregnancy  we  obtained  ~ph  values  in  the 
uteri  of  12  rabbits.  The  variation  at  the  same  day  of  pregnancy  between  in¬ 
dividuals  and  samples,  greater  than  that  found  in  the  nonpregnant  uteri, 
indicates  that  the  technique  is  not  yet  adequate  for  this  purpose.  The  vari¬ 
ation  might  be  due  to  the  presence  of  attached  fetal  tissue  or  to  the  great 
sensitivity  of  the  muscle  to  mechanical  stimulation.  The  highest  ~ph  con¬ 
centration  in  the  course  of  these  experiments  was  obtained  from  18-day 
pregnant  uteri  (4.8  to  5.8  per  gram  uterus).  At  20  to  21  days  of  preg¬ 
nancy  however  the  average  value  is  definitely  lower  (2.8  m^I)-  At  term 
similar  values  were  obtained  (3.3  /x^I).  It  remains  to  be  seen  therefore 
whether  a  change  in  the  ~ph  concentration  of  the  rabbit  uterus  occurs 
around  day  20  in  pregnancy  or  this  decrease  is  simply  a  technical  artifact. 
Such  a  change  would  be  interesting  in  view  of  the  description  by  Reynolds 
(1949)  of  general  alterations  in  the  pregnant  uterus  about  this  time.  The 
authors  present  these  values  as  indications  of  the  difficulties  involved  in 
studying  the  ~ph  concentration  of  the  uterus  during  pregnancy.  Because 
of  its  extreme  physiological  importance  this  problem  calls  for  further  atten¬ 
tion  and  more  detailed  study. 

Finally  we  may  ask  what  are  the  physiological  implications  of  the  ob¬ 
served  ~ph  concentration  changes  of  the  uterus  in  myometrial  contrac¬ 
tility.  The  answer  to  this  question  is  limited  by  the  fact  that  the  role  of 
ATP  in  muscle  function  in  general  is  not  fully  clear  up  to  this  time.  On 
the  basis  of  Lundsgaard’s  and  Lohmann’s  evidence  we  may  suggest  that 
increase  in  the  ~ph  concentration  during  sexual  maturation  in  the  uterus 
is  one  factor  in  the  increase  in  its  working  capacity.  Since  more  ATP  was 
found  both  in  skeletal  and  uterine  muscle  than  is  required  to  supply  the 
energy  for  one  contraction  cycle,  it  is  possible  that  a  certain  amount  of 
this  substance  is  nece.ssary  to  make  the  contractile  system  “complete  and 
reactive”  (Szent-Gyorgyi,  1949). 

Beside  the  observed  increase  in  the  ~ph  and  AIM  concentration  one 
would  expect  other  changes  to  occur  in  the  myometrium  during  sexual  ma¬ 
turation  in  view  of  the  marked  difference  in  physiological  behavior  in  im¬ 
mature  and  estrous  animals.  In  vitro  experiments  in  progress  in  our  labo- 
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ratory  which  will  be  reported  elsewhere  show  for  example  that  the  number 
of  contractions  in  anoxia  is  greatly  increased  during  sexual  maturation  and 
pregnancy.  This  indicates  a  great  change  in  the  glycogen  content  under 
these  conditions  (Csapo  and  Corner,  unpublished).  These  observations  are 
in  good  agreement  with  the  recent  findings  that  the  rat  uterus  after  cas¬ 
tration  contains  8  after  estrogen  treatment  20  and  in  pregnancy 
28  glycogen  (O.  Walaas,  personal  communication).  Since  ~ph  is 
mostly  generated  from  glycogen  in  muscle,  an  increase  in  glycogen  con¬ 
tent  of  the  myometrium  means  a  potential  increase  in  ~ph. 

To  extend  and  complete  this  study  experiments  are  under  way  with 
Kalckar’s  enzyme  technique,  in  order  to  determine  the  concentration  of 
ATP,  ADP,  and  AMP  in  the  rabbit’s  uterus  in  different  reproductive  con¬ 
ditions. 

SUMMARY 

Separation  of  the  myometrium  from  the  endometrium  of  the  rabbit 
uterus  w'as  carried  out  in  order  to  determine  the  concentration  of  the  phos¬ 
phorus  compounds  present  in  the  separate  layers.  It  was  observed  that 
this  procedure  results  in  about  50  per  cent  loss  in  the  high-energy  phos¬ 
phate  compounds  of  the  whole  uterine  wall.  This  technique  therefore  does 
not  permit  quantitative  conclusions  with  respect  to  the  separate  layers.  It 
can  be  said,  however,  that  while  the  myometrium  contains  both  adenosine 
triphosphate  and  creatine  phosphate,  the  endometrium  seems  to  contain 
only  adenosine  triphosphate. 

Analyzing  whole  uterine  segments  taken  from  living  rabbits,  we  ob¬ 
served  an  increase  in  the  high-energy  phosphate  compounds  throughout 
sexual  maturation  and  after  ovulation.  WTiile  in  case  of  nonpregnant  uteri 
the  data  obtained  were  in  agreement,  during  pregnancy  there  was  a  great 
variation  in  the  high-energy  phosphate  values,  probably  resulting  from 
technical  difficulties. 

The  physiological  significance  of  the  observed  changes  in  the  high-energy 
phosphate  content  of  the  rabbit  uterus  is  discussed. 

The  authors  are  grateful  to  Dr.  George  W.  Corner  for  his  advice  in 
general  and  on  histology  in  particular,  and  to  Dr.  Otto  Walaas  who  has 
read  the  manuscript. 
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THE  INFLUENCE  OF  CORTISONE  ON  RENAL 
FUNCTION  AND  ELECTROLYTE  EXCRETION 
IN  THE  ADRENALECTOMIZED  DOG' 

KATHLEEN  E.  ROBERTS^  and  ROBERT  F.  PITTS 
with  the  technical  assistance  of  ^luriel  V.  Seip 
and  Margaret  H.  Kennedy 

Department  of  Physiology,  Cornell  University  Medical  College,  New  York,  N.  1'. 

ONE  01'  the  most  important  renal  deficits,  which  has  been  accepted  as 
a  constant  finding  in  adrenal  insufficiency,  is  the  inability  of  the  kid¬ 
ney  to  limit  sodium  excretion  when  normal  or  subnormal  quantities  of  salt 
are  ingested  (Loeb,  1941;  Roemmelt  et  ah,  1949).  In  addition  to  the  renal 
wastage  of  sodium,  there  is  frequently  a  decreased  rate  of  glomerular  filtra¬ 
tion  and  a  depression  of  the  renal  plasma  flow  which  accompanies  adrenal 
insufficiency  (Guadino  et  al.  1949,  Harrison  et  ai,  1939,  ^^^lite  et  al.,  1947). 
As  a  result  of  such  renal  functional  deficits,  there  results  a  decrease  in 
plasma  sodium  and  an  elevation  of  plasma  potassium  levels  as  well  as  a 
progre.ssive  depletion  of  extracellular  fluid  volume  (Loeb,  1941;  Smith, 
1951).  It  is  generally  accepted  that  the  administration  of  desoxycorticos- 
terone,  either  to  adrenalectomized  animals  or  to  patients  with  Addison’s 
disease,  corrects  the  renal  deficit  in  sodium  excretion  as  well  as  the  ab¬ 
normal  plasma  levels  of  sodium  and  potassium  (Barnett  et  al.,  1949, 
Ferrebee  et  al.,  1939,  Loeb  1941).  It  has  also  been  reported  that  adequate 
desoxy corticosterone  therapy  restores  toward  normal  the  decreased  glo¬ 
merular  filtration  rate  and  renal  plasma  flow'  which  occurs  in  adrenal  in¬ 
sufficiency  (Guadino  et  al.,  1949,  Waterhouse  et  al.,  1948,  White  et  al., 
1947). 

The  influence  which  cortisone  exerts  on  renal  function  and  in  correcting 
the  renal  deficits  seen  in  adrenal  insufficiency  has  not  been  so  clearly  es¬ 
tablished.  Earlier  reports  have  claimed  that  cortisone  administration  re¬ 
sulted  in  an  increased  renal  excretion  of  sodium  (Gaunt  et  al.,  1949;  Thorn 
et  al.,  1941).  From  this,  it  has  been  postulated  that  desoxycorticosterone 
and  cortisone  are  antagonistic  as  regards  the  excretion  of  sodium  (Thorn 
et  al.,  1941).  More  recently  however,  as  a  result  of  the  widespread  use  of 
cortisone  in  a  variety  of  clinical  conditions,  it  has  been  observed  that  so- 
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dium  retention  may  occur  following  the  administration  of  cortisone  (Baehr 
et  aL,  1950,  McEwen  et  al.,  1950,  Perera  et  al.,  1949,  Russel  1950,  Sprague 
et  al.,  1950). 

To  define  more  clearly  the  effects  of  cortisone  on  renal  function  and  to 
determine  whether  there  was  an  antagonism  between  this  hormone  and 
desoxycorticosterone,  particularly  in  their  effects  on  sodium  excretion,  the 
series  of  experiments,  described  below,  were  done.  In  these  experiments 
the  effects  of  these  two  steroids  on  renal  function  and  electrolyte  excretion 
in  adrenalectomized  dogs  were  compared.  The  results  of  these  experiments 
indicate  that  cortisone  and  desoxycorticosterone  have  similar  effects  on 
the  renal  excretion  and  plasma  concentration  of  sodium  and  potassium  and 
that  these  steroids  also  affect  glomerular  filtration  rate  and  renal  plasma 
flow  in  the  same  direction. 


METHODS 

All  exjjerinients  were  performed  on  bilaterally  adrenalectomized  dogs.  During  the 
immediate  postoperative  period  and  in  the  interval  between  experiments  the  dogs  were 
maintained  on  daily  injections  of  desoxycorticosterone’  (1  mg.)  and  cortisone  (10  mg.). 
For  3-5  days  previous  to  the  experimental  period,  all  supportive  measures  other  than 
free  access  to  .6  per  cent  saline,  were  withdrawn.  During  a  majority  of  the  experiments, 
the  animals  were  in  a  state  of  mild  or  moderately  severe  insufficiency. 

The  experiments  were  performed  in  the  following  manner;  the  animals  were  loosely 
restrained  on  an  animal  board;  creatinine  and  para-aminohippurate,  in  amounts  sufficient 
to  maintain  optimum  plasma  levels,  were  infused  at  a  constant  rate.  Following  an  ade¬ 
quate  control  period,  the  animals  were  giv'en  desoxycorticosterone,  cortisone,  or  both 
steroids  intravenously  and  the  effect  of  the  steroid  on  the  renal  clearances  of  creatinine 
and  para-aminohippurate,  as  well  as  sodium  and  potassium  excretion  determined  over  a 
two  to  three  hour  period.  In  a  few  instances  more  prolonged  determinations  on  renal 
function  and  electrolyte  excretion  were  made.  Desoxycorticosterone  was  given  as  the 
crystalline  preparation  di.ssolved  in  sesame  oil  and  homogenized  with  water.  Cortisone 
acetate  was  given  as  a  microcrystalline  suspension  in  saline.  Sodium  and  potassium 
values  on  plasma  and  urine  were  determined  with  an  internal  standard  flame  photometer. 
Creatinine  and  para-aminohippurate  were  determined  colorimetrically  by  suitable 
methods  (Bonsnes  et  al.  1945,  Smith  et  al.  1945). 

RESULTS 

Effects  of  intravenous  cortisone  on  sodium  excretion 

Table  1  shows  the  results  of  intravenous  injection  of  cortisone;  the  most 
striking  effect  is  a  decrease  in  sodium  excretion  which  begins  within  the 
first  few  minutes.  If  the  amount  of  filtered  sodium  is  calculated  as  a  product 
of  the  glomerular  filtration  rate  and  plasma  sodium  level,  it  is  possible,  by 

’  We  are  indebted  to  the  Schering  Corporation  for  the  generous  supply  of  desoxycorti¬ 
costerone  used  in  these  experiments. 
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Table  1.  Ekfects  or  intravenois  administration  of 

CORTISONE  AND  DESOXYCORTICOSTERONE 


Time 

Urine 

Glom. 

R.P.F. 

Sodium 

Potassium 

flow 

flit. 

Plasma 

Urine 

Plasma 

U  rine 

niin. 

cc./min. 

cc./min. 

cc./min. 

mM/L 

mM/L 

micro 

%  Reab- 

mM/L 

iiiM/L 

micro 

eq./min. 

sorbed 

eq./min. 

Control 

.7 

63.7 

244 

135 

206 

i44 

98 

4.9 

109 

76.5 

Cortisone, 

20  m*.  intravenou.-sly 

30 

.5 

63.2 

240 

135 

88.6 

44 

99.3 

4.4 

105 

52.5 

60 

.4 

60.7 

299 

135 

47.6 

19 

99.9 

3.87 

105 

42 

90 

.3 

64 

253 

133 

27.3 

8.0 

99.9 

4.01 

104 

31 

120 

.2 

65.7 

212 

130 

24 

5.0 

99.9 

3.84 

147 

30 

150 

.28 

62.0 

224 

130 

45 

12.6 

99.9 

3.84 

124 

34 

Control 

1.3 

70 

258 

141 

261 

340 

96.5 

4.6 

63 

82 

Desoxycorticosterone,  1  mg.  intravenously 

30 

1.1 

68 

270 

140 

201 

221 

96.7 

4.4 

96.4 

106 

60 

.37 

63 

271 

140 

85 

31.4 

99.5 

3.5 

144 

.53 

90 

.46 

61 

313 

140 

29 

13.3 

99.9 

3.5 

130 

60 

120 

.51 

69.5 

300 

140 

41 

21 

99.9 

3.6 

147 

74.9 

150 

.6 

71.5 

292 

140 

47 

28 

99.9 

3.36 

129 

77.4 

subtracting  the  excreted  amount,  to  determine  the  approximate  percent¬ 
age  of  filtered  sodium  which  is  reabsorbed  by  the  kidney  tubules.  It  is 
then  apparent  that  the  decrease  in  sodium  excretion,  following  the  adminis¬ 
tration  of  cortisone,  is  the  result  of  an  increased  reabsorption  of  this  ion; 
the  percentage  of  filtered  sodium  which  is  reabsorbed  by  the  kidney  tubule 
increasing  from  98  to  99.9  per  cent.  This  percentage  change  in  sodium  ex¬ 
cretion  could  account  for  the  conservation  of  some  144  milliequivalents  of 
sodium  in  twenty-four  hours,  and  is  the  equivalent  of  that  amount  of  so¬ 
dium  found  in  one  liter  of  extracellular  fluid. 

That  the  intravenous  administration  of  desoxycorticosterone  acetate 
also  resulted  in  a  decrease  in  sodium  excretion  is  shown  in  Table  1;  the 
effects  of  this  steroid  on  sodium  did  not  differ  e.ssentially  from  that  seen 
following  the  injection  of  cortisone. 

That  cortisone  and  desoxycorticosterone  have  similar  effects  on  the 
renal  excretion  of  sodium  is  illustrated  in  Fig.  1.  Not  only  do  these  two 
steroids  have  qualitatively  similar  effects  on  sodium  excretion,  but  altera¬ 
tions  in  the  dosage  of  either  steroid  affected  sodium  excretion  in  a  quanti¬ 
tatively  similar  fa.shion.  If  the  decrease  in  sodium  excretion  is  calculated 
as  the  per  cent  change  from  the  control  level,  it  is  possible  to  quantitate 
the  dosage  of  hormone  with  the  change  in  sodium  excretion;  the  percent 
decrease  over  a  two  hour  period,  following  the  injection  of  steroid,  ranging 
from  around  40  percent  with  the  smaller  doses  to  80  per  cent  with  larger 
amounts.  To  further  test  the  hypothesis  that  cortisone  and  desoxycorti¬ 
costerone  had  a  similar  effect  on  sodium  excretion,  a  series  of  experiments 
were  done  to  determine  if  these  two  steroids  had  an  additive  effect  in  re¬ 
ducing  sodium  excretion.  To  do  this  it  was  necessary  to  inject  an  amount 
of  each  steroid  which,  when  given  alone,  was  just  sufficient  to  reduce  so¬ 
dium  excretion  by  a  minimal  amount;  administration  of  both  cortisone 
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Fig.  1.  Comparison  of  the  decrease  in  sodium  excretion  obtained  with  various 
amounts  of  cortisone  and  desoxycorticosterone. 

and  desoxycorticosterone  together,  would  then  have  an  effect  which  would 
be  double  the  magnitude  seen  when  each  was  given  alone.  Fig.  2  illustrates 
this  additive  effect  of  cortisone  and  desoxycorticosterone  on  the  absolute 
decrease  in  sodium  excretion  over  a  two-hour  period;  the  intravenous  in¬ 
jection  of  both  .steroids  at  the  same  time,  resulting  in  a  decrease  in  sodium 
excretion  which  was  greater  than  the  decrease  caused  by  each  agent  alone. 
This  additive  effect  of  cortisone  and  desoxycorticosterone  on  sodium  ex- 


Fig.  2.  Additive  effect  of  cortisone  and  desoxycorticosterone  on  sodium  excretion. 
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cretion  becomes  apparent  only  with  the  smaller  dosage  since  each  steroid 
has  only  minimal  effects  at  this  dose  level.  With  the  larger  doses  of  steroid, 
where  the  effect  of  each  on  sodium  excretion  is  maximal,  no  additive  effect 
can  be  measured.  On  the  other  hand,  it  was  evident  that  cortisone  and  des- 
oxycorticosterone  even  in  maximum  quantities  did  not  have  opposite  ef¬ 
fects  on  the  renal  excretion  of  sodium. 

Glomerular  filtration  rate  and  renal  plasma  fiow 

That  the  creatinine  clearance,  which  was  used  as  a  measure  of  glomeru¬ 
lar  filtration  rate  was  not  significantly  altered  during  the  2-3  hour  period 
following  the  administration  of  cortisone  is  seen  in  Tables  1  and  2.  Table  1 
shows  the  effects  of  cortisone  and  desoxycorticosterone  on  glomerular  fil¬ 
tration  rate  and  renal  plasma  flow  at  a  time  when  the  dogs  had  been  with¬ 
out  therapy  for  two  days  but  were  not  yet  in  a  state  of  insufficiency.  Table 
2  contains  the  data  on  the  effects  of  cortisone  and  desoxycorticosterone  at 
a  time  when  the  animals  were  in  a  state  of  moderately  severe  insufficiency 

Table  2.  Effects  of  cortisone  on  glomerular  filtration  rate  and 
RENAL  PLASMA  FLOW  DURING  INSUFFICIENCY 


Time  Glom.  filt  H.P.F'. 

rate 


minutes 

cc./niin. 

I 

29.9 

Corti.sone  intravenously 

cc./min. 

Control 

116 

120 

33.1 

II 

159 

Control 

37.7 

Cortisone  and  doca 

157 

120 

38.4 

161 

with  decreases  in  the  rate  of  glomerular  filtration  and  renal  plasma  flow. 
In  neither  instance  was  there  any  significant  effect  on  the  glomerular  filtra¬ 
tion  rate  within  the  two  hour  period  following  the  injection  of  cortisone. 
However,  measurement  of  the  glomerular  filtration  rate  over  a  longer  pe¬ 
riod  of  time,  following  the  administration  of  cortisone  and  during  periods 
of  adequate  maintenance  with  this  steroid,  showed  that  cortisone  was  ef¬ 
fectual  in  increasing  the  depressed  filtration  rate  seen  in  insufficiency. 
Table  3  shows  the  glomerular  filtration  rate  of  two  dogs  measured  during 
periods  of  insufficiency  and  when  the  animals  were  on  hormone  therapy. 
It  can  be  seen  that  during  periods  of  insufficiency  the  filtration  rate  was 
depressed,  and  with  adequate  hormonal  replacement  t^e  glomerular  filtra¬ 
tion  rate  was  well  maintained.  The  effects  of  cortisone  on  para-aminohip- 
purate  clearance  as  a  measure  of  renal  plasma  flow  are  also  illustrated  in 
Tables  1,  2  and  3.  Although  the  para-aminohippurate  clearance  was 
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Table  3.  Glomerular  filtration  rate  and  renal  plasma  flow  during 

INSUFFICIENCY  AND  WHILE  ON  ADRENAL  CORTICAL  THERAPY 


Date 

Therapy 

Glom.  filt. 
rate 

R.P.F. 

cc./min. 

cc./min. 

Dog.  16 

3/  9/51 

0 

33.5 

157 

3/21/51 

0 

29.5 

lie 

4/13/51 

Cortisone 

60 

190 

and 

DCA 

5/10/51 

Cortisone 

62.5 

306 

7/13/51 

Cortisone 

62 

260 

Dog  D 

7/  2/51 

Pre¬ 

69 

210 

adrenalectomy 

Adrenalectomized 

7/19/51 

0 

51 

196 

7/23/51 

Cortisone 

89 

325 

slightly  elevated  as  a  result  of  cortisone  injection  as  shown  in  Tables  1 
and  2,  the  effect  was  transient  and  slight  during  the  immediate  two-hour 
period  after  steroid  injection.  Measurement  of  the  clearance  of  para-amino- 
hippurate  during  periods  when  the  animals  were  on  cortisone  therapy 
showed  that  cortisone  was  equally  effective  in  increasing  the  clearance 
values  of  para-aminohippurate  as  it  w'as  in  restoring  the  creatinine  clear¬ 
ance  values. 

The  immediate  effects  of  desoxycorticosterone  on  the  glomerular  filtra¬ 
tion  rate  and  renal  plasma  flow  during  the  three-hour  period  following  in¬ 
travenous  injection  were  similar  to  those  seen  after  cortisone  administra¬ 
tion. 

Potassium 

Following  the  withdrawal  of  hormone  therapy,  there  was  a  gradual  rise 
in  plasma  potassium  level.  This  elevation  occurred  only  when  the  plasma 
sodium  level  was  decreased.  Figure  3  shows  this  relationship  between  the 
decrease  in  plasma  sodium  and  the  increase  in  plasma  potassium,  which 
was  seen  following  the  withdrawal  of  therapy.  Administration  of  cortisone, 
desoxycorticosterone  or  both  cortisone  and  desoxycorticosterone  together, 
resulted  in  a  return  to  normal  of  the  plasma  levels  of  both  sodium  and  po¬ 
tassium.  In  this  respect  both  steroids  served  equally  well  in  maintaining  ^ 
normal  plasma  concentrations  of  sodium  and  potassium. 

Renal  excretion  of  potassium,  following  the  withdrawal  of  steroid,  also 
increased  concomitantly  with  the  rise  in  plasma  potassium.  This  increased 
renal  excretion  of  potassium  was  seen,  however,  only  in  the  first  stages  of 
insufficiency;  as  the  animals  approached  a  condition  of  extremis,  the  renal 
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Fig.  3.  Relationship  between  plasma,  sodium  and  potassium 
during  adrenal  insufficiency  and  recovery. 


excretion  of  potassium  fell,  as  did  the  glomerular  filtration  rate,  renal 
plasma  flow  and  urine  excretion. 

The  effects  of  cortisone  administration  on  the  renal  excretion  of  potas¬ 
sium  were  neither  so  consistent  nor  so  striking  as  were  the  effects  on  sodium 
excretion.  Although  a  decrease  in  the  elevated  plasma  potas.sium  level  was 
consistently  measured  following  cortisone  administration,  this  was  not 
always  accompanied  by  an  increased  urinary  excretion  of  this  ion.  Table  1 

Table  4.  Potassiu.m  excretion  following  cortisone  administration 


Time 


Plasma 


Potassium 


Urine 


Urine  flow 


minutes 

Control 

mM/L 

6.55 

mM/L 

(1) 

54.0 

microeq/min. 

90.0 

cc./min. 

1.66 

120 

4.43 

Cortisone 

107,5 

82 

.76 

Control 

6.36 

(2) 

136.5 

123 

.9 

Cortisone  and  desoxycorticosterone 
4.15  200  120 


120 


.6 


58 


ROBERTS  AND  PITTS 


Volume  50 


shows  the  results  on  plasma  potassium  level  and  renal  potassium  excretion 
following  the  administration  of  cortisone  and  desoxycorticosterone.  Ad¬ 
ministration  of  the  steroid  at  a  time  when  the  plasma  level  is  elevated  re¬ 
sulted  in  a  drop  in  plasma  concentration  which  is  well  defined  within  a 
two  hour  period.  Although  the  concentration  of  potassium  in  the  urine  be¬ 
came  elevated  following  the  administration  of  adrenal  steroid,  the  total 
excretion  could  not  be  correlated  with  the  decrease  in  plasma  level. 

DISCUSSION 

From  the  above  data,  it  is  evident  that  cortisone  has  an  important  in¬ 
fluence  in  the  correction  of  the  renal  functional  defects  as  well  as  deranged 
electrolyte  metabolism  which  occurs  in  adrenal  insufficiency.  Furthermore, 
the  effects  of  cortisone  and  desoxycorticosterone  administration  in  the  ad- 
renalectomized  animal  are  similar  and  additive.  These  findings  are  in 
agreement  with  the  numerous  observations  that  cortisone  administration 
results  in  sodium  retention  both  in  the  patient  with  intact  adrenals  and  in 
Addison’s  disease  (Baehr  et  al.,  1950,  McEwen  et  ah,  1950,  Perera  et  al., 
1949,  Sprague  et  al.,  1950). 

Although  the  dosage  of  cortisone  which  was  found  necessary  to  produce 
the  same  effects  as  desoxycorticosterone  was  some  fifteen  to  twenty  times 
greater,  this  does  not  invalidate  the  conclusion  that  these  two  steroids 
have  similar  effects  on  the  renal  functions  measured  in  these  experiments. 
Comparison  of  the  dosage  of  cortisone  used  in  our  experiments  with 
amounts  found  to  be  released  from  adrenals  of  dogs  is  quantitatively  simi¬ 
lar  (Vogt,  1943).  The  amounts  of  cortisone  necessary  to  produce  minimal 
and  maximal  effects  on  sodium  excretion  are  within  the  dosage  range  which 
has  been  found  necessary  to  protect  adrenalectomized  animals  from  a  vari¬ 
ety  of  stress  and  strain  conditions  (Sayers,  1950). 

It  is  commonly  accepted  (Gaunt  et  al.,  1949,  Harrison  et  al.,  1950)  that 
the  hyperkalemia  of  adrenal  insufficiency  is  the  result  of  adrenal  retention 
of  this  ion  and  conversely  that  the  hypokalemia  seen  in  conditions  where 
an  excess  of  adrenal  cortical  hormone  exists,  are  the  result  of  an  increased 
renal  excretion  of  potassium  (Darrow  et  al.,  1942,  Sprague  et  al.,  1951). 
However,  a  decreased  excretion  of  potassium  during  periods  of  adrenal  in¬ 
sufficiency  and  increased  excretion  during  prolonged  treatment  with  ad¬ 
renal  cortical  hormone  has  not  consistently  been  shown  either  in  the  ex¬ 
perimental  animal  or  in  patients  (Perera  et  al.,  1949,  Sartorius,  1951, 
Seldin  et  al.,  1951).  Barnett  et  al.  (1949)  in  careful  balance  studies  found 
an  increased  excretion  of  potassium  at  the  same  time  as  the  plasma  level 
was  elevated,  during  adrenal  insufficiency.  Administration  of  desoxycorti¬ 
costerone  corrected  the  high  plasma  potassium  levels  although  no  increase 
in  the  renal  excretion  of  potassium  occurred.  From  this,  he  postulated  that 
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the  effect  of  desoxycorticosterone  is  mediated  through  shifts  of  potassium 
between  intra-  and  extracellular  fluids.  Others  have  reported  that  the  ad¬ 
ministration  of  cortisone  either  in  Addisonians  or  to  patients  with  intact 
adrenals  has  not  consistently  caused  an  increased  excretion  of  potassium 
(Perera  et  al.,  1949,  Thorn  et  al.,  1951)  although  hypokalemia  has  fre¬ 
quently  been  reported  (Baehr  et  al.,  1950,  McEwen  et  al.,  1950,  Sprague 
et  al.,  1950),  Harrison  et  al.  (1939)  report  an  increased  urinary  concentra¬ 
tion  of  potassium  following  cortical  hormone;  however  calculation  of  the 
total  amount  excreted  in  microeq. /minute  reveals  that  a  significant  in¬ 
crease  in  excretion  did  not  always  occur  at  a  time  when  the  plasma  potas¬ 
sium  level  was  decreasing.  Our  experiments  do  not  confirm  that  the  de¬ 
rangements  of  potassium  metabolism  in  adrenal  insufficiency  are  entirely 
the  result  of  abnormalities  in  urinary  excretion.  From  this,  we  infer  that 
the  influence  of  cortisone  on  potassium  is  only  partially  mediated  through 
renal  excretory  mechanisms. 

The  finding  that  glomerular  filtration  rate  and  renal  blood  flow  were  re¬ 
stored  toward  normal  during  periods  of  adequate  maintenance  therapy 
are  in  agreement  with  the  reports  of  others.  The  fact  that  these  renal  func¬ 
tions  were  not  significantly  altered  within  a  two  to  three  hour  period  fol¬ 
lowing  cortisone  or  desoxycorticosterone  is  consistent  with  the  concept 
(Russel,  1950,  Smith,  1951)  that  the  functional  decrease  in  filtration  rate 
in  adrenal  insufficiency  is,  in  part,  secondary  to  the  loss  of  extracellular 
fluid  volume  as  well  as  a  decreased  plasma  sodium  concentration  with  a 
consequent  derangement  of  renal  hemodynamic  factors.  If  this  were  true, 
it  would  be  expected  that  the  depressed  filtration  rate  would  not  be  in¬ 
creased,  following  cortisone  administration,  until  the  plasma  electrolyte 
concentration  and  circulating  fluid  volume  were  restored  toward  normal. 
Such  was  the  case  in  our  experiments.  Since  our  animals  were  not  studied 
over  a  sufficiently  long  period  of  time  to  determine  any  irreversible  patho¬ 
logical  changes  in  rerlal  functions,  our  experiments  do  not  further  any 
knowledge  of  the  influence  of  cortisone  or  desoxycorticosterone  on  such 
changes. 


SUMMARY 

Cortisone  administration  in  the  adrenalectomized  dog  results  in  a 
marked  decrease  in  the  renal  excretion  of  sodium.  Prolonged  administra¬ 
tion  of  cortisone  corrects  the  renal  defect  in  sodium  excretion  and  corrects 
the  abnormal  plasma  sodium  and  pota.ssium  levels  characteristic  of  adrenal 
insufficiency.  During  periods  when  adequate  replacement  therapy  is  main¬ 
tained  with  cortisone  in  the  adrenalectomized  dog,  the  glomerular  filtra¬ 
tion  rate  and  renal  plasma  flow  are  restored  toward  normal. 

The  effects  of  cortisone  on  the  renal  excretion  of  sodium  have  been  com- 
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pared  to  the  effects  of  desoxycorticosterone.  It  was  found  that  both  ster¬ 
oids  affected  sodium  excretion  in  a  similar  manner.  Administration  of 
minimal  doses  of  desoxycorticosterone  and  cortisone  together  decreased 
the  renal  sodium  excretion  by  an  amount  that  was  of  greater  magnitude 
than  that  seen  when  each  was  given  alone. 
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ADVANTAGES  OF  THE  INTRAVAGINAL  METHOD 

The  intravaginal  Allen-Doisy  test,  though  advocated  by  Berger  (1935, 
1937),  Lyons  &  Templeton  (1935/1936),  Yerby  (1937),  Stadler  & 
Lyons  (1938),  Freud  (1939),  Emmens  (1941,  1947,  1950a,b),  Muehlbock 
(1949),  Biggers  (1951),  has  hitherto  been  paid  little  attention  in  the  litera¬ 
ture  and  in  practice.  The  reason  for  this  is  that  in  practical  determinations 
its  use  always  requires  control  with  the  international  unit  in  general  use, 
or  with  a  standard  weight  unit  for  estradiol  and  estriol. 

We  feel,  however,  that  the  intravaginal  Allen-Doisy  test  may  become 
of  decisive  importance  in  the  detection  of  estrogenic  hormones  in  natural 
fluids,  especially  when  these  are  available  in  relatively  small  quantities 
(cysts  and  normal  blood),  or  when  the  estrogen  is  contained  in  the  fluid  in 
relatively  low'  concentration,  since  by  its  use  the  injection  of  large  toxic 
amounts  of  fluid  or  the  performing  of  complicated  extractions  of  normal 
urine  or  plant  juices  can  be  avoided.  It  should  further  be  borne  in  mind 
that  the  subcutaneous  assay  cannot  be  very  reliable,  w'hen  a  restricted 
quantity  of  material  is  available,  since  only  a  small  number  of  animals  can 
be  used,  w'hereas  with  the  intravaginal  Allen-Doi.sy  test  the  accuracy  may 
be  highly  enhanced  by  the  use  of  a  relatively  unlimited  number  of  animals. 

The  shortcomings  of  the  Frank  Test,  a  very  important  routine  method 
for  the  early  determinatio.i  of  fetal  death  by  the  assay  of  blood  estrogens 
in  pregnancy,  can  easily  be  overcome  by  its  intravaginal  modification: 
hitherto  it  could  only  be  performed  on  unused  castrated  female  mice,  since 
these  become  anaphylactically  sensitized  by  an  injection  of  human  serum 
and  may  die  during  a  repeated  assay. 

Assays  of  estrogens  in  oily  solution  can  also  be  carried  out  by  the  intra¬ 
vaginal  method,  thus  avoiding  the  formation  of  oil  cysts,  encountered 
after  repeated  use  of  spayed  animals  for  subcutaneous  assays. 

A  further  advantage  of  the  intravaginal  Allen-Doisy  test  is  that  it  lasts 
only  2  to  2|  days,  whereas  the  subcutaneous  Allen-Doisy  test  lasts  4  days. 

RESULTS  PREVIOUSLY  OBTAINED  WITH  THE  INTRAVAGINAL  METHOD 

It  is  the  general  consensus  that  the  intravaginal  application  of  estrogens 
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requires  much  smaller  amounts  for  positive  responses  than  do  other 
methods.  Irregularity  of  the  results  due  to  the  vehicles  used  for  the  intra- 
vaginal  instillation  was  a  shortcoming  described  by  most  of  the  early  au¬ 
thors.  Thus,  aqueous  vehicles  are  active  only  in  a  very  limited  range  of 
dosage,  which  is  liable  to  permit  resorption  from  the  vaginal  tract.  Oily 
vehicles  are  better  suited  for  rats,  whereas  the  mouse  vagina  responds 
poorly  to  such  preparations.  The  best  vehicle  so  far  described  (Muehlbock, 
1940  and  Emmens,  1940/41),  is  the  50%  aqueous  glycerol  solution.  Re¬ 
cently,  Riggers  (1951)  has  proposed  the  employment  of  1%  aqueous  egg 
albumin.  We  have  found  propyleneglycol  and  monoacetin  similarly  active 
in  a  50%  aqueous  mixture,  whereas  carbitol  was  found  less  suitable  be¬ 
cause  it  may  form  precipitates,  c.g.  with  human  serum.  The  cited  authors, 
using  slightly  different  techniques,  found  almost  corresponding  values  for 
the  activities  of  the  three  natural  estrogens,  and  their  results  are  compared 
with  our  values  in  Table  1. 


Table  1.  Intravaginal  activity  of  the  three  nati  ral  estrogens 


Hormones 

Emmens 

2  installa¬ 
tions 
(gamma) 

Muehlbock 

3  instilla¬ 
tions 
(gamma) 

1 

1 

Sulman 

5  instilla¬ 
tions 
(gamma) 

Enhancement 
of  sensitivity 
obtained 
with  5  in¬ 
stillations 
as  compared 
with  2  or  3 

s.c. /intra¬ 
vaginal 
ratio 
with  5 
instilla¬ 
tions 

Estrone 

0.0005 

0.00025 

0.0001 

2.5-  5X 

1,000 

P^striol 

0.001 

0.00075 

0.00005 

15  -  20X 

20,000 

Estradiol 

0.0005 

1940: 

0.0005 

1941: 

0.000005 

0.000005 

i  1  -lOOX 

2,000 

Emmens  (1941)  has  shown  that  the  natural  estrogens  are  not  proestro¬ 
gens,  i.e.  that  they  are  true,  locally  active  estrogens  which  require  no  con¬ 
version  in  the  body.  The  same  holds  for  the  stilbestrol  derivatives.  He  fur¬ 
ther  stressed  the  fact  that  esterification  does-  not  augment  the  estrogenic 
effect  intravaginally,  nor  does  it  interfere  with  the  performance  of  the  test. 

PRESENT  TECHNIQUE 

Our  technique  did  not  differ  essentially  from  those  used  by  Muehlbock  and  Emmens. 
Aqueous  extracts  were  always  administered  after  dilution  (50%)  with  glycerol.  The 
addition  of  glycerol  doubled  the  estrogenic  effect,  thus  making  up  exactly  for  the  in¬ 
convenience  of  doubling  the  volume  of  fluid  to  be  instilled  into  the  vagina.  The  mouse 
vagina  can  hold  fluid  up  to  0.02  cc.  at  a  time  if  suitable  animals  are  selected. 

The  small  quantities  of  solution  are  best  delivered  by  a  micrometer  syringe,  such  as 
the  Agla  micrometer  syringe  developed  by  the  Wellcome  Physiological  Research  Labora¬ 
tories,  Beckenham,  Kent,  England.  It  consists  of  a  specially  calibrated  micrometer 
screw  gauge  attached  to  an  all-glass  syringe  of  narrow,  uniform  bore;  to  this  a  Record 


January,  1952 


INTRAVAGINAL  ASSAY  OF  ESTROGENS 


63 


needle  of  No.  1  gauge  is  attached,  made  up  into  a  blunt  cannula  ^  cm  long,  which  corre¬ 
sponds  exactly  to  the  length  of  the  mouse  vagina,  thus  avoiding  any  damage  to  the 
vagina.  The  aperture  may  be  at  the  side  or  at  the  tip  of  the  cannula.  The  plunger  of  the 
micrometer  head  impinges  directly  on  the  piston  of  the  syringe,  the  piston  being  ad¬ 
vanced  by  turning  the  head  of  the  micrometer.  The  pitch  of  the  micrometer  screw  is 
0.5  mm.;  the  piston  of  the  syringe  is  of  such  a  diameter  that  two  revolutions  of  the 
micrometer  head  eject  0.02  cc.  (the  maximal  dose  held  bj"  a  mouse  vagina).  Since  we 
administered  every  test  solution  5  times,  two  full  revolutions  given  5  times  corresponded 
to  O.l  cc.  (maximal  dose).  The  head  of  the  micrometer  is  divided  into  50  parts  corre¬ 
sponding  to  0.002  cc.  solution.  Hence  the  smallest  dosage  given  by  us  in  5  instillations 
was  5X0.002  =  0.001  cc.  The  dose  scale  was  as  indicated  in  Table  2. 


Table  2 


Spayed  female 
mouse 

Test  solution  4- glycerol  cc. 
contained  in  5  applications 

Micrometer 

revolutions 

1 

0.0005  4-0.0005=0.001  cc. 

5X  1/50 

2 

0.001  4-0.001  =0.002  cc. 

5X  2/50 

3 

0.0025  4-0.0025=0.005  cc. 

5X  5/50 

4 

0.005  4-0.005  =0.01  cc. 

5X  10/50 

5 

0.01  4-0.01  =0.02  cc. 

5X  20/50 

6 

0.02.5  4-0.02.5  =0.05  cc. 

5X  50/50 

7 

0.05  4-0.05  =0.1  cc. 

5X100/50 

The  micrometer  syringe  was  conveniently  attached  to  a  stand  at  a  45°  angle,  as  shown 
in  Fig.  1,  thus  avoiding  the  release  of  more  fluid  during  the  intervals  between  the  5 
instillations.  The  animal  is  firmly  grij)ped  with  the  left  hand,  the  thumb  and  2nd  finger 
holding  the  wrinkled  neck  skin,  the  4th  and  5th  fingers  holding  the  tail,  and  the  bent 
3rd  finger  pushing  the  bodj'  of  the  mouse  (or  rat)  forward  into  a  more  or  less  semi- 
arched  position.  In  this  position  the  animal’s  vagina  is  gently  pulled  over  the  blunt 
tip  of  the  cannula.  With  the  right  hand  the  micrometer  can  then  be  reliabh-  inanii)ulated. 
This  method  permits  well  controlled  intravaginal  administration  without  any  assistance. 

Although  the  zero  hour  was  taken  as  a  rule,  it  is  not  necessary  if  the  animals 
are  rested  for  sufficient  time  after  a  positive  te.st.  Staining  and  scoring  details  are  similar 
to  those  in  the  subcutaneous  Allen-Doisy  method.  It  should,  however,  be  stressed  that 
the  intravaginal  method  induces  a  much  higher  percentage  of  proestrus  and  metestrus 
responses  than  other  methods,  and  these  should  be  considered  positive  only  if  the  number 
of  leucocytes  does  not  exceed  the  number  of  epithelial  cells  in  the  microscopic  field. 

Smears  were  positive  after  the  administration  of  estriol  as  early  as  36  hours  after 
instillation,  whereas  with  estrone  the  effect  appeared  only  after  48  hours,  and  with  es¬ 
tradiol  it  was  .sometimes  delayed  until  60  hours. 

Priming  of  the  animals  was  found  necessary,  as  stressed  by  Emmens  (1950).  Repeated 
use  of  the  animals  not  only  increased  their  initial  sensitivity,  but  also  led  to  much  more 
uniform  and  con.stant  reactions  in  further  tests. 

The  following  is  a  report  on  the  results  obtained  with  a  total  of  1500  spayed  female 
mice. 

EXPERIMENTAL 

1.  Urine  estrogens 

Female  urine  in  the  ovulatory  and  the  premenstrual  stage  gave  positive 
vaginal  reactions  when  diluted  with  glycerine  aa.  During  the  other  stages 
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Fig.  1 .  Technique  of  intravaginal  assay  of  estrogenic  hormones. 


The  standard  schedule  was  as  follows: 

1st  day:  zero  hour  smear  followed  by  3  instillations; 

2nd  day:  2  instillations  followed  by  1  smear  in  the  evening;  with  high  doses  this 
36  hour  smear  was  sometimes  positive; 

3rd  day:  48  and  60  hour  smears.  Further  smears  were  not  necessary  with  the  5  in¬ 
stillations  method,  but  are  necessary  with  methods  involving  2  or  3 
instillations. 

the  urine  had  to  be  concentrated  10  fold.  To  10  cc.  of  urine  1  cc.  glycerol 
was  added  and  the  mixture  was  heated  until  the  water  had  completely 
evaporated;  1  cc.  of  aqua  dest.  was  then  added,  and  the  estrogens  were 
thus  dissolved  in  a  2  cc.  glycerol-water  aa  solution. 

When  male  urine  was  used  this  concentration  was  sufficient  to  elicit  a 
positive  reaction  in  only  a  certain  proportion  of  the  cases.  Hence  we  used 
double  the  concentration,  i.e.  we  evaporated  20  cc.  of  urine  in  the  presence 
of  1  cc.  of  glycerol,  later  adding  1  cc.  of  aqua  dest. 

In  cases  of  pregnancy  and  chorionepithelioma  the  concentration  was  of 
course  unnecessary.  It  was  required,  however,  in  most  cases  of  mole,  since 
estrone  excretion  in  mole  may  be  extremely  low. 

Assay  values  obtained  by  the  intravaginal  method  were  multiplied  by 
the  factor  400  to  be  converted  into  i.u. 
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2.  Blood  estrogens 

Blood  was  either  studied  as  whole  blood  or  was  divided  into  two  frac¬ 
tions,  corpuscles  and  plasma  or  serum.  WTien  w^e  studied  corpuscles  and 
plasma  separately,  a  greater  concentration  of  estrogens  w'as  found  in  the 
plasma.^  Positive  values  without  concentrating  were  obtained  only  at  the 
ovulatory  and  premenstrual  phases.  Female  blood  at  other  stages  and  male 
blood  had  to  be  concentrated. 

For  concentrating  10  x,  we  started  from  plasma  or  serum.  To  10  cc. 
plasma  or  serum  40  cc.  acetone  were  added,  the  precipitated  protein  was 
removed  by  centrifugation,  washed  once  with  a  little  ether,  and  the  ether 
and  acetone  were  then  pooled  and  evaporated.  The  residue  w'as  dissolved 
in  1  cc.  glycerol  4-1  cc.  aqua  dest.  by  heating  for  5  minutes  in  a  water  bath, 
at  100°  C. 

The  intravaginal  assay  of  pregnancy  serum  without  any  previous  con¬ 
centration  is  a  most  important  advantage,  since  it  permits  the  performance 
of  the  Frank  test  on  a  large  number  of  animals  with  less  than  1  cc.  of 
serum.*  Furthermore,  it  permits  the  repeated  use  of  the  assay  animals 
without  fear  of  anaphylactic  reaction  as  encountered  when  subcutaneous 
injections  are  given.®  The  same  holds  true  for  the  assay  of  aspirated  follicu¬ 
lar  fluids.  Our  results  with  this  technique  will  be  published  separately. 

Assay  values  for  serum  estrogens  obtained  with  the  intravaginal  method 
were  multiplied  by  the  factor  400  to  be  converted  into  i.u. 

DISCUSSION 

The  advantages  of  the  intravaginal  as  compared  with  the  subcutaneous 
method  are  manifold,  especially  in  the  assay  of  naturally  occurring  estro¬ 
gens.  The  subcutaneous  technique  permits  the  injection  of  no  more  than 
5  cc.  blood  or  urine  into  mice,  viz.  the  determination  of  as  many  as  200  MU 
estrogen  per  liter  fluid.  Smaller  amounts  cannot  be  determined  without 
concentrating  the  fluid.  This  is,  however,  not  always  possible  with  blood, 
because  of  the  limited  quantity  available.  With  the  intravaginal  method 
1  vaginal  unit  may  be  assayed  in  0.1  cc.  fluid.  Since  the  conversion  factor 
from  the  vaginal  unit  to  the  subcutaneous  unit  is,  400  for  blood  and  urine, 
the  intravaginal  technique  permits  the  determination  of  1/400  i.u.  in 
0.1  cc.  fluid  i.e.  25  i.u.  per  liter  blood  or  urine.  This  threshold  concentration 
is  within  the  range  of  the  normal  estrogen  content  of  serum  or  urine  and 


^  This  is  in  contradiction  to  the  finding  of  Albrieux  (1941). 

*  Forty  cc.  of  clotted  blood  was  hitherto  required. 

®  If  animals  repeatedly  treated  intravaginally  with  human  serum  receive  a  subcu¬ 
taneous  injection  of  human  serum,  a  high  percentage  of  them  also  die,  since  the  intra¬ 
vaginal  priming  induces  anaphylaxis  following  subcutaneous  injection. 
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is  easily  obtained  at  peak  days  (during  ovulation,  antemenstrual  phase). 
Hence,  the  intravaginal  technique  can  detect  stages  of  slight  hyperes- 
trinism  which  would  have  escaped  our  attention  with  the  routine  subcu¬ 
taneous  technique  (hyperestrinism  in  liver  cirrhosis,  B-avitaminosis,  etc.). 

The  intravaginal  technique,  if  combined  with  simple  concentration 
methods,  as  described  above,  further  allows  us  to  study  conditions  neg¬ 
lected  until  now:  hypestrinism  and  anestrinism,  which  require  investiga¬ 
tion  in  view  of  the  fact  that  body  estrogens  have  at  least  3  sources:  ovaries, 
adrenals,  nutrition.  A  priori,  it  seems  improbable  that  all  3  sources  should 
fail  simultaneously,  but  the  possibility  must  be  borne  in  mind. 

As  to  the  conversion  of  the  vaginal  unit  into  the  subcutaneous  and  in¬ 
ternational  unit,  it  is  difficult  to  explain  the  marked  differences  between 
conversion  factors  which  are  for  blood  and  urine  400,  estrone  in  aqueous 
solution  1000,  estradiol  in  aqueous  solution  2000,  estriol  in  aqueous  solu¬ 
tion  20,000. 

This  variation  may  depend  upon  poor  resorption  of  blood  and  urine  es¬ 
trogens  via  the  intravaginal  route.  In  the  case  of  estriol,  it  may  be  con¬ 
nected  with  the  great  variations  in  its  effect  depending  upon  the  method 
of  administration,  an  oily  solution  being.  10  times  more  active  than  an 
aqueous  one  (Zondek  &  Sulman  1951). 

SUMMARY 

A  technique  has  been  described  for  the  intravaginal  assay  of  minute 
amounts  of  estrogens  by  the  intravaginal  route.  The  smallest  amounts  of 
estrogen  detectable  by  this  method  in  mice  are  0.0001  gamma  estrone, 
0.00005  gamma  estriol,  0.000005  gamma  estradiol. 

Working  with  pure  estrogens,  the  factor  for  converting  the  vaginal  unit 
into  the  subcutaneous  unit  is  1000  for  estrone,  20,000  for  estriol,  and  2000 
for  estradiol.  Mixtures  of  these  estrogens  occurring  in  natural  fluids  to¬ 
gether  with  proteins  and  minerals  yield  much  lower  factors  of  conversion: 
400  for  blood  (serum  or  plasma)  and  for  urine. 

Aqueous  assay  fluids  are  preferably  applied  to  the  vagina  as  a  mixture 
with  equal  parts  of  glycerol  or  propyleneglycol  or  monoacetin.  The  conse¬ 
quent  doubling  of  the  volume  is  compensated  for  by  a  twofold  titer  of  the 
estrogens  in  these  solutions.  The  minimal  dosage  applicable  to  the  vagina 
was  found  to  be  5X0.0002  =  0.001  cc.,  the  maximal  dosage  retained  is 
5X0.02  =  0.1  cc.  Regularity  of  the  results  is  in  accord  with  the  experience 
gathered  from  subcutaneous  injections.  Priming  of  the  animals  consider¬ 
ably  increases  their  sensitivity  and  the  regularity  of  the  results. 

The  advantages  of  the  intravaginal  assay  are: 

1)  Possibility  of  detecting  minimal  amounts  of  estrogens,  thus  permit¬ 
ting  the  diagnosis  of  states  of  hypestrinism  and  anestrinism ; 
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2)  Exact  assay  of  fluids  available  in  relatively  small  quantities  e.g.  cysts 
and  blood,  with  a  relatively  unlimited  number  of  animals ; 

3)  Assay  of  estrogens  in  toxic  fluids  without  extraction  (plant  juices, 
decomposed  urine); 

4)  Possibility  of  repeated  serum  administration  in  animals  primed  by 
the  assay  of  blood  estrogens  (Frank  test)  for  the  determination  of 
fetal  death,  without  danger  of  anaphylactic  death  of  the  animals 
under  test; 

5)  Repeated  use  of  primed  animals  for  the  assay  of  estrogens  in  oily 
solutions  without  the  formation  of  subcutaneous  oil  cysts  ; 

6)  Clear-cut  results  may  be  obtained  wdthin  2  to  2^  days,  instead  of 
wdthin  4  days. 
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THE  EFFECT  OF  EPINEPHRINE  AND  THYROTROPIN 
ON  THYROID  FUNCTION  IN  RATS 


A.  L.  BOTKIN  AND  H.  JENSEN 

From  the  Army  Medical  Research  Laboratory,  Fort  Knox,  Kentucky 
INTRODUCTION 

WHILE  the  action  of  thyrotropic  hormone  on  the  thyroid  gland  is 
well  known,  the  role  of  epinephrine  is  not.  It  has  been  claimed 
(Reiss  1949)  that  epinephrine  administration  increases  the  uptake  of 
radioactive  iodine  by  the  thyroid.  However,  Soffer  and  associates  (1949) 
reported  that  treatment  with  epinephrine  decreases  the  uptake  of  radio¬ 
active  iodine.  These  investigators  also  observed  that  the  administration  of 
epinephrine  resulted  in  an  increased  secretion  of  thyrotropin  by  the  pitui¬ 
tary. 

In  view  of  these  discrepancies  it  was  felt  desirable  to  investigate  further 
the  effects  of  epinephrine  administration  on  thyroid  function  after  short 
time  intervals.  Of  particular  interest  in  this  connection  was  an  interpreta¬ 
tion  of  the  significance  of  the  radioiodine  content  of  the  thyroid,  or  “up¬ 
take”  as  it  has  frequently  been  called.  Another  point  under  consideration 
was  the  validity  of  the  prevailing  concept  of  the  thyroid  gland  being  a  slug¬ 
gish  organ,  slow  in  responsiveness  to  stimuli. 

MATERIALS  AND  METHODS 

Male  rats  of  the  Sprague-Dawley  strain  (weighing  190-250  grams),  maintained  on 
Purina  laboratory  chow  and  tap  water,  were  used.  Twenty-four  hours  before  sacrifice, 
at  which  time  they  were  deprived  of  food  but  allowed  w'ater  ad  lib,  each  rat  was  injected 
intraperitoneally  with  1.0  ml.  of  radioiodine  solution  containing  approximately  5 
microcuries  of  carrier-free  radioactive  iodine  (I*”)*  made  up  to  volume  in  phosphate 
buffer  of  pH  7.4  (Krebs  and  Henseleit  1932). 

The  animal  was  sacrificed  by  a  sharp  blow  at  the  base  of  the  skull  and  exsanguinated 
via  a  thoracic  incision.  The  thyroid  gland  was  rapidly  removed,  weighed,  and  analyzed 
for  inorganic  and  organic  radioiodine  content  using  a  modification  of  the  method  of 
Morton  and  Chaikoff  (1943). 

For  serum  studies,  blood,  drawn  by  cardiac  puncture  just  prior  to  sacrifice,  was 
allowed  to  clot  and  serum  was  obtained  by  centrifugation.  One  aliquot  of  serum  was 
dried  and  counted  as  total  serum  radioiodine  content.  Another  aliquot  was  precipitated 

Received  for  publication  August  22,  1951. 

*  The  radioactive  iodine  (I‘”)  used  in  this  investigation  was  supplied  by  the  Oak 
Ridge  National  Laboratories  on  allocation  from  the  Isotopes  Division,  U.  S.  Atomic 
Energy  Commission. 
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with  trichloracetic  acid  and  the  precipitate  was  dissolved  in  20%  NaOH,  dried  and 
counted  as  the  serum  protein-bound  radioiodine  (“PBI“>”). 

All  hormone  administrations  were  by  the  intraperitoneal  route.  The  following 
preparations  and  dosages  were  used: 

1.  Epinejdirine;’  0.1  mg.  per  rat  in  0.1  ml.  saline  solution. 

2.  Thyrotropic  hormone’  (“Thyrotropin,”  containing  approximately  4  Junkmann- 
Schoeller  units  per  mg.,  6  mg.  per  ml.  in  saline  brought  to  pH  7.5  with  NaOH); 
6  mg.  per  rat  in  1.0  ml.  of  solution. 

Three  groups  of  animals  were  run  simultaneously  at  each  time  period,  the  first  (4 
animals)  receiving  saline  (controls),  the  second  (6  or  8  animals)  0.1  mg.  of  epinephrine, 
and  the  third  (6  or  8  animals)  6.0  mg.  of  thyrotropin  (“TSH”).  The  groups  were  injected 
at  intervals  of  2,  4,  8,  16,  and  24  hours  before  sacrifice. 

All  values  for  radioiodine  content  of  the  thyroid  gland  and  serum  were  obtained  as 
per  cent  of  the  injected  dose.  The  values  for  the  control  animals  were  considered  as  100 
in  determining  the  deviations  produced  by  the  experimental  procedures.  The  average 
findings  for  each  group  are  plotted  in  Figures  1  and  2. 

RESULTS 

In  the  gland  content  studies  (Figure  1),  it  was  found  that  by  4  hours 
after  the  administration  of  either  TSH  or  epinephrine  both  total  and  or¬ 
ganic  values  were  lowered  to  approximately  the  same  degree.  By  8  hours, 
however,  the  glands  of  the  epinephrine  injected  animals  showed  a  return 
to  normal,  followed  by  a  less  sev'ere  drop.  This  second  lowering  might  have 
been  due  to  a  “rebound”  effect.  The  glands  of  the  TSH  injected  animals, 
on  the  other  hand,  continued  to  show  a  decrease  in  their  radioiodine  con¬ 
tent  to  a  minimum  av'erage  of  about  60%  of  the  control  values  at  8  hours. 
This  level  remained  fairly  constant  with  a  possible  drift  back  toward  nor¬ 
mal  apparent  by  24  hours. 

In  Figure  2,  the  plotting  of  the  serum  total  and  PBP®‘  values  was  of 
necessity  reproduced  on  a  log  scale  to  include  the  magnitude  of  the  result¬ 
ing  variations.  The  TSH  injected  animals  showed  within  2  hours  a  sharp 
rise  in  total  serum  radioiodine  content  to  approximately  200%  above  con¬ 
trol  values.  This  level  stayed  relatively  constant  until  16  hours  after  which 
time  it  gradually  returned  to  a  nornial  value"  at  24  hours. 

The  main  component  of  this  total  increase  consisted  of  the  PBP®*  frac¬ 
tion,  which  rose  to  its  maximum  of  441%  above  control  levels  at  2  hours. 
The  results  found  in  the  epinephrine  treated  animals  were  opposite  in  ef¬ 
fect  to  those  seen  in  the  TSH  treated  groups.  Here  the  total  serum  radio¬ 
iodine  content  dropped  to  a  minimum  of  63%  by  4  hours  and  by  8  hours 
was  practically  normal.  Again  the  main  alteration  was  due  to  the  PBP’* 
component  which  fell  to  36%  in  2  hours  and  by  12-16  hours  had  returned 
to  slightly  above  normal. 

*  Upjohn  buffered  tablets  made  up  to  1.0  mg.  per  ml. 

’  Obtained  through  the  courtesy  of  Armour  and  Company,  Chicago,  Illinois. 
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DISCUSSION 

The  results  obtained  may  be  explained  on  the  basis  of  the  comparative 
mechanisms  involved.  In  the  case  of  TSH  administration  the  mechanism 
is  a  stimulation  of  the  thyroid  gland  resulting  in  a  “flushing-out”  of  hor¬ 
mone  from  the  gland  with  a  consequent  rise  in  serum  concentration  of  hor¬ 
monal  radioiodine.  This  may  explain  the  drop  in  gland  content.  A  concur¬ 
rent  increased  turnover  (or  conversion)  rate  as  well  as  an  increased  uptake 
of  would  tend  to  keep  the  ratio  of  organic  to  inorganic  P®‘  components 
constant.  The  serum  picture  follows  the  expected  pattern  of  an  abrupt  rise 
in  serum  concentration  of  hormonal  radioiodine. 

By  contrast,  the  metabolic  effects  of  epinephrine  administration  on  the 
peripheral  tissues  may  cause  an  increased  demand  for  thyroid  hormone. 
This  demand  produces  an  immediate  utilization  and  a  resulting  decrease 
of  the  available  serum  hormone.  This  initiates  a  release  of  pituitary  TSH 
simulating  the  same  initial  gland  picture  as  that  seen  after  TSH  injection 
and  tending  to  restore  the  thyroxine  blood  level  to  normal.  The  serum  level 
remains  lower  than  the  control  values  due  to  the  increased  hormone  utili¬ 
zation  by  peripheral  tissues.  In  addition  it  is  also  possible  that  epinephrine 
may  have  a  direct  effect  on  the  pituitary  gland,  causing  a  release  of  TSH. 

The  picture  of  thyroid-pituitary  relationship  seems  to  be  analogous  to 
that  existing  in  the  pituitary-adrenal  cortex  axis.  Here  also  an  increased 
.secretion  of  pituitary  adrenocorticotropic  hormone  (ACTH)  may  first  be 
preceded  by  an  increased  peripheral  utilization  of  the  adrenal  cortex  prin¬ 
ciples  followed  by  a  decrease  in  blood  level  of  the.se  hormones,  causing  the 
relea.se  of  ACTH  from  the  pituitary,  etc.  Another  interesting  comparison 
between  thyroid  and  adrenal  cortex  can  be  seen  in  the  relation  of  gland 
composition  to  functional  activity.  A  low  cholesterol  content  of  the  ad¬ 
renal  gland  may,  under  certain  conditions,  indicate  a  stimulation  of  this 
endocrine  organ  with  a  resultant  outpouring  of  its  hormones.  A  similar  re¬ 
lationship  may  also  hold  true  for  the  iodine  content  and  functional  activity 
of  the  thyroid  gland.  Money,  Kirschner,  Kraintz,  Merrill  and  Raw.son 
(1950)  assumed  that  a  low  gland-iodine  content  is  synonymous  with  a  low 
“uptake”  or  collection  of  iodine  by  the  gland.  It  is  apparent  from  the  re¬ 
sults  presented  here  that  there  is  not  always  a  proportional  relation.ship 
between  “content”  and  “function”  nor  necessarily  between  “content”  and 
“uptake.”  In  an  analysis  of  thyroid  function,  therefore,  iodine  “content” 
must  be  considered  as  a  re.sultant  of  production  and  release  of  hormone  as 
well  as  uptake  of  iodine. 

It  can  also  be  seen  from  the  above  results  that  the  thyroid  gland  re- 
.“^ponds  quickly  to  either  epinephrine  or  TSH  administration,  for  within 
2  hours,  particularly  as  seen  in  the  serum  PBP®‘  studies,  the  degree  of  pro¬ 
duction  and  release  of  thyroxine  has  varied  .significantly  from  the  normal. 
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Hamolsky,  Gierlach  and  Jensen  (1951)  observed  an  almost  immediate  re¬ 
sponse  of  the  thyroid  of  the  rat  when  subjected  to  “tourniquet  shock.” 
Thus,  the  concept  of  the  thyroid  gland  being  a  sluggish  organ,  slow  in  re¬ 
sponding  to  stimulation,  does  not  seem  to  be  valid. 

SUMMARY 

There  was  an  early  decrease  in  gland  content  of  radioactive  iodine 
after  either  epinephrine  or  thyrotropin  administration.  The  serum  content 
after  thyrotropin  injection  was  increased  (particularly  the  protein-bound 
component)  due  to  acceleration  of  the  production  and  release  of  thyroxine 
by  the  thyroid  gland.  In  the  epinephrine  treated  rats,  however,  the  serum 
content  was  decreased.  This  is  interpreted  as  being  due  to  the  increased 
peripheral  utilization  of  thyroxine.  The  decreased  serum  thyroxine  level 
probably  causes  an  increased  pituitary  release  of  thyrotropin  and  therefore 
produces  the  same  effect  on  the  thyroid  gland  as  thyrotropin  administra¬ 
tion. 

The  thyroid  gland  has  been  found  to  be  quickly  responsive  to  TSH  and 
epinephrine  administration. 

A  decreased  content  of  radioiodine  in  the  thyroid  is  not  necessarily  in¬ 
dicative  of  decreased  functional  activity.  This  suggests  a  more  cautious 
use  of  the  term  “uptake.” 
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SOME  STUDIES  ON  THE  OXIDATIVE  ^METABOLISM 
OF  THE  ADRENAL  GLAND 


T.  L.  SOURKES  and  P.  HENEAGE 

From  the  Merck  Institute  for  Therapeutic  Research,  Rahway,  N.  J. 

Numerous  studies  have  served  to  elucidate  the  physiology  and  bio¬ 
chemistry  of  the  adrenal  medulla  and  cortex,  but  at  the  same  time 
have  paid  scant  attention  to  the  metabolic  pattern  underlying  the  endo¬ 
crine  phenomena  of  these  tissues.  Because  of  the  lack  of  information  on 
the  nature  and  scope  of  intermediary  metabolism  of  the  adrenal,  it  was 
deemed  important  to  initiate  such  an  investigation.  The  present  paper 
describes  various  reactions  occurring  in  the  tricarboxylic  acid  cycle  and  in 
the  metabolism  of  a  number  of  amino  acids  and  other  compounds,  as  car¬ 
ried  out  by  isotonic  homogenates  and  by  slices  of  the  adrenal  gland.  Some 
of  these  reactions  have  been  studied  in  several  tissues  for  comparative 
purposes. 

METHODS 

Preparation  of  Animal  Tissues:  Most  of  this  work  was  done  with  beef  adrenals,  which 
were  obtained  at  a  nearby  slaughterhouse.  The  organs  were  dissected  out  within  30 
minutes  or  less  of  the  death  of  the  animals,  and  then  kept  in  ice-cold  saline  until  used  in 
experiments  one  to  4  hours  later.  In  initial  experiments  tissues  frozen  on  dry  ice  were 
used.  Oxidative  activity  was  often  retained  by  adrenals  preserved  in  this  manner  for  at 
least  several  hours,  in  contrast  to  the  rapid  loss  of  activity  by  beef  heart  muscle,  kidney 
cortex  and  liver  kept  under  identical  conditions.  However,  this  activity  was  too  incon¬ 
sistently  retained  to  warrant  using  such  frozen  glands  in  a  standard  procedure. 

Guinea  pigs  and  rats  were  killed  by  stunning.  The  organs  required  were  quickly  dis¬ 
sected  out  and  used  immediately. 

Homogenates  were  prepared  in  isotonic  KCl  with  the  Potter-Elvehjem  glass  homogen- 
izer.  20%  homogenates  were  used,  except  where  otherwise  indicated.  Tissue  slices  0.5 
mm.  thick  were  cut  conveniently  with  a  Stadie-Riggs  microtome.  The  section  was  always 
made  transverse  to  the  axis  of  one  limb  of  the  adrenal  so  that  representative  portions  of 
both  cortex  and  medulla  were  obtained. 

Reaction  Mixtures:  For  the  study  of  oxidations  in  homogenates  a  standard  reaction 
mixture  was  used,  made  up  of  the  following  ingredients  (final  concentrations  given); 
K  phosphate  buffer,  pH  7.4  (0.007  M);  KCl  (0.115M);  adenylic  acid  (0.0013M);  MgCb 
(0.0033M);  substrate  (0.0166M).  The  adenylic  acid  and  the  substrates  were  neutralized 
with  KOH  to  pH  7.4  before  addition  to  the  flasks.  0.6  ml.  of  homogenate  was  added  to 
give  a  final  volume  of  3.0  ml.,  except  where  otherwise  noted.  Because  of  its  incompati¬ 
bility  with  the  buffer  the  magnesium  salt  was  always  added  as  the  last  item,  i.e.  after 
the  tissue  had  been  pipetted  in. 

When  ti.ssue  slices  were  used  the  suspending  medium  was  the  buffer  of  Krebs  and 
Received  for  publication  August  24,  1951. 
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Eggleston  (1940).  The  additions  to  the  flasks  consisted  of  2.5  ml.  of  this  buffer  together 
with  0.5  ml.  of  M/10  substrate  (neutralized  sodium  salt). 

Standard  manometric  techniques  were  employed  for  the  measurement  of  oxygen 
uptake  (Umbreit,  Burris  and  Stauffer,  1949).  All  incubations  were  performed  at  37°. 
All  tabulated  data  represent  means  of  at  least  three  determinations,  except  those  of 
Table  4  (two  determinations). 

KESULTS 

1.  Beef  adrenal  homogenates 

The  oxidation  of  a  variety  of  substrates  by  beef  adrenal  homogenates 
is  illustrated  in  Figure  1.  The  rates  of  oxidation  were  relatively  steady  for 
60  minutes  or  more.  \Miile  the  Krebs’  cycle  intermediates  were  rapidly 
metabolized  in  this  preparation,  other  substrates  were  poorly  handled. 
The  following  amino  acids  gave  no  oxygen  uptake  when  incubated  with 
beef  adrenal  homogenates  in  pyrophosphate  buffer,  pH  8.3  (the  optimal 
pH) :  glycine,  dl-alanine,  dl-methionine,  dl-tryptophan,  dl-serine,  dl-aspartic 
acid.  Acetate,  butyrate  and  acetoacetate  were  not  oxidized  in  the  standard 
system.  Among  the  amino  acids  tested  in  the  standard  system  serine, 
threonine  and  aspartic  acid  did  not  increase  the  oxygen  uptake  of  the  homog¬ 
enate.  The  1-  and  d-amino  acid  oxidases  are  present  in  but  very  low  con¬ 
centrations  as  judged  from  the  rates  of  oxidation  of  typical  substrates  for 
these  two  enzymes  (see  curves  for  1-  and  dl-methionine).  In  the  case  of 
glutamic  acid,  while  its  rate  of  oxidation  was  greater  than  that  of  any  of 
the  other  amino  acids  tested  it  was  still  well  below  that  of  its  own  oxidation 
products,  namely  a-ketoglutaric  acid. 

In  a  number  of  experiments  it  was  noted  that  pyruvate  was  oxidized 
at  a  rather  slow  rate.  This  is  in  contrast  to  the  high  rate  observed  when 
tissue  slices  were  used  (see  below),  and  suggested  that  the  homogenate 
reaction  mixture  was  incomplete  even  after  the  addition  of  the  usual  co¬ 
factors.  Since  the  entrance  of  pyruvate  (or  acetate)  into  the  Krebs’  cycle 
is  accomplished  with  the  participation  of  oxaloacetic  acid  it  was  thought 
that  the  addition  of  the  latter  compound  to  the  reaction  mixture  might 
stimulate  the  oxidation  of  pyruvate  and  acetate.  Only  traces  of  oxaloacetic 
acid  (or  some  other  acid  which  can  form  oxaloacetic  acid  in  the  homogenate) 
would  be  required  since  the  compound  is  regenerated  cyclically.  This  exper¬ 
iment  was  carried  out  with  the  re.sults  shown  in  Table  1.  It  is  clear  that 
small  amounts  of  the  C4-dicarboxylic  acids  stimulate  appreciably  the 
oxidation  of  pyruvate  and  acetate  in  adrenal  gland  homogenates.  Data 
similar  to  tho.se  for  acetate  were  also  obtained  for  the  catalysis  of  butyrate 
oxidation  by  traces  of  malic  acid. 

2.  Comparison  of  cortex  and  medulla 

Since  portions  of  both  cortex  and  medulla  were  included  in  the  homog¬ 
enates  used  in  the  above  experiments  an  attempt  was  made  to  determine 
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what  proportion  of  the  total  oxygen  uptake  each  was  contributing.  Beef 
cortex  and  medulla  were  separated  from  one  another  by  dissection  im¬ 
mediately  after  removal  of  the  gland  from  the  animal,  and  were  transported 


Fig.  1.  Oxygen  uptake  by  beef  adrenal  gland  homogenates  in 
tlie  presenee  of  various  substrates. 


to  the  laboratory  where  they  were  homogenized  and  used  at  once.  The 
l  esults  (Table  2)  indicate  that  the  ability  of  the  medulla  to  oxidize  common 
metabolic  intermediates  is  well  below  that  of  the  cortex. 
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Table  1.  Oxidation  of  pyruvic  and  acetic  acids  by  beef  adrenal  homogenates 

Microliters  of  oxygen  uptake  per  100  mg.  wet  weight  of  tissue  in  60  min.  (corrected  for 
endogenous  respiration).  Final  concentrations:  Pyruvate,  0.0167  M;  acetate,  0.0167  M; 
C4-dicarhoxylic  acid,  3.3X10“‘  M.  Each  flask  contained  120  mg.  wet  weight  of  tissue.  Other 
details  in  text 


Experiment 

.\o. 

Substrates 

O2  uptake 
(microliters) 

lA 

Pyruvate 

42 

Oxaloacetate 

41 

Pyruvate  +  Oxaloacetate 

130 

111 

Pyruvate 

42 

Fumarate 

80 

Pyruvate  +  Fumarate 

137 

2 

Pyruvate 

17 

1-Malate 

28 

Pyruvate  +  1-Malate 

63 

3 

Acetate 

3 

1-Malate 

113 

.\cetate  -)-  1-Malate 

151 

Table  2.  Comparison  of  beef  adrenal  cortex  and  .medulla  in  respect  to 

OXIDATION  OF  INTERMEDIATES  OF  THE  TRICARBOXYLIC  ACID  CYCLE 

Qn,  =  niicroliters  of  oxygen  consumed/hr./mg.  dry  matter  (based  on  uptake  in  first  45 
minutes  of  incubation).  20%  isotonic  KCl  homogenates  used  (120  mg.  of  tissue  per  flask) 

Substrate 

Cortex 

Medulla 

None 

1.1 

0.6 

Citrate 

6.0 

0.8 

Cis-Aconitate 

6.7 

2.3 

a-Ketoglutarate 

8.6 

2.4 

Succinate 

13.6 

6.5 

Fumarate 

6.2 

1.2 

1-Malate 

7.5 

1.7 

Table  3.  Species  variations  in  the  oxidation  of  substrates 

BY  ADRENAL  GLAND  HOMOGENATES 

Qoj  =  microliters  of  Oj  consumed/mg.  dry  matter/hr.,  based  on  oxygen  uptake  in  the 
initial*  15-min.  period  following  equilibration.  (Respective  series  of  flasks  contained:  beef, 
120  mg.;  guinea  pig,  96  mg.;  rat,  35  mg.  wet  weight  of  tissue.  In  the  rat  adrenal  series,  all 
additions  to  the  flasks  were  reduced  proportionately  to  give  a  total  volume  of  1.0  ml.) 


Sub.strate 

Beef 

Guinea 

pig 

Rat 

None 

1 .5 

1.7 

1.8 

Citrate 

7.7 

11.4 

8.2 

Cis-Aconitate 

9.2 

— 

7.3 

o-Ketoglutarate 

10.3 

8.9 

12.2 

Succinate 

19.7 

11.1 

13.3 

Fumarate 

9.0 

4.3 

4.9 

1-Malate 

8.8 

— 

4.2 
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3.  Species  variation 

Experience  in  manometric  studies  with  the  adrenals  of  species  other 
than  beef  indicated  a  basic  pattern  with  no  marked  species  differences. 
Table  3  shows  the  initial  rates  of  oxidation  of  a  number  of  substrates  by 
beef,  guinea  pig  and  rat  adrenal  homogenates. 

WTiile  the  figures  for  a  given  substrate  were  more  or  less  of  the  same  or¬ 
der,  guinea  pig  adrenals  oxidized  citrate  more  rapidly  than  did  the  other 
adrenals.  On  the  other  hand  the  initial  rates  of  oxidation  of  the  C’4-dicar- 
boxylic  acids  were  greatest  with  the  beef  adrenals. 

Table  4.  Co.mpakisox  of  oxidation  in  homooenates  of  (.\)  beef 

AND  (B)  Gl  INEA  PIG  TISSUES 


Finurps  rppresent  miproliters  of  Oj  uptake /lOO  mg.  wet  tissue/hr.  (120  mg.  of  lieef  tis.sues 
or  96  mg.  of  guinea  pig  tissues  used  per  fiask) 


Substrate 

■Vdrenal 

Beef 

Kidney 

Heart 

None 

16 

28 

57 

Citrate 

94 

57 

146 

Cis-acoiiitate 

106 

75 

158 

a-Ketoglutarate 

140 

214 

221 

Succinate 

269 

280 

263 

Fumarate 

113 

183 

133 

1-Malate 

109 

126 

91 

Sulistrate 

.\(lrenal 

(luinea  pig 
Kidney 

Liver 

None 

36 

161 

91 

Citrate 

245 

285 

232 

a-Ketoglutarate 

187 

248 

227 

Succinate 

250 

364 

328 

Fumarate 

115 

240 

174 

4.  Metabolic  activity  of  the  adrenals  compared  to  other  tissues 

In  order  to  clarify  the  relative  activity  of  adrenal  homogenates  two 
series  of  experiments  were  carried  out  comparing  their  performance  in 
parallel  tests  with  homogenates  of  other  beef  tissues.  Homogenates  of  beef 
heart  (ventricle),  kidney  cortex  and  adrenal  were  studied  in  two  experi¬ 
ments  with  the  average  figures  obtained  shown  in  Table  4.  The  adrenal 
showed  the  lowest  endogenous  rate  of  respiration  but  this  rate  was  never¬ 
theless  capable  of  very  marked  stimulation  by  all  the  substrates  tested, 
especially  succinic  acid.  One  feature  of  adrenal  metabolism  is  of  interest, 
namely  the  quite  similar  rates  of  oxidation  of  the  added  substrates  (apart 
from  .succinate  whose  requirement  of  co-factors  for  oxidation  is  less  com¬ 
plex  than  in  the  cases  of  the  other  suKstrates).  In  the  other  two  tissues  the 
rates  are  much  more  diverse. 

Guinea  pig  adrenal,  liver  and  kidney  (whole  tissue)  were  compared  using 
16%  isotonic  homogenates  (Table  4).  In  this  species  the  adrenal  also  dis- 
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played  a  low  endogenous  rate  of  oxidation.  Citrate  oxidation  proceeded 
rapidly,  fumarate  slowly.  Succinate  and  fumarate,  respectively,  both  stim¬ 
ulated  respiration  to  about  the  same  extent  in  all  three  tissues  (i.e.  con¬ 
sidering  oxygen  uptake  after  deducting  the  endogenous  rate). 

5.  Beef  adrenal  slices 

While  the  homogenate  technique  is  very  useful  in  the  study  of  cellular 
oxidations  and  other  reactions  it  must  be  kept  in  mind  that  this  prepara¬ 
tion  consists  of  disrupted  cells.  In  the  process  of  homogenization  the  “nor¬ 
mal”  metabolic  behavior  of  the  tissue  may  be  altered  because  a)  the  cellular 
membrane  is  destroyed  with  the  consequent  release  of  intra-cellular  struc- 


Table  5.  Comparison  ok  rate  of  oxidation  ok  substrates  by  beef 

ADRENAL  HOMOOENATES  AND  SLICES 


Sub.'^trate 

Homogenate 

Slices 

P]ndogeuous 

1  .2* 

2.0' 

Citrate 

6.9 

3.6 

CMs-aconitate 

S.3 

3.8 

a-Ketoglutarate 

9.9 

5.8 

Succinate 

16. H 

10.7 

Fumarate 

7.5 

4.3 

1-Malate 

7.6 

4.8 

Pyruvate 

2.2 

4.9 

Acetate 

1 .2 

3.3 

liutyrate 

1 .2 

4.8 

l-.\scorhate 

4.0 

9.4 

l-CJlutamate 

3 .5 

4.3 

‘  Qoj  =  microlitprs  of  oxyRcn  consunnul  per  hour  per  mg.  dry  weight  (i)a.«ed  on  45  minutes 
uptake). 


tures  and  alteration  of  their  spatial  relationships;  and  b)  all  constituents 
of  the  cell  are  diluted,  particularly  some  of  the  co-factors  essential  to  many 
enzymatic  reactions.  In  order  to  learn  how  closely  the  reactions  of  the  in¬ 
tact  cells  are  reproduced  by  the  homogenized  tissue,  beef  adrenal  glnid 
slices  were  studied  with  the  same  substrates  used  for  the  homogenates 
(section  1).  In  order  to  permit  comparison  of  slices  and  homogenates  Qn-.. 
values  hav’e  been  calculated  (Table  5). 

The  adrenal  homogenates  appear  to  oxidize  the  Krebs’  cycle  inter¬ 
mediates  at  considerably  faster  rates  than  do  the  slices.  The  reverse  is  true 
in  the  cases  of  pyruvate  and  acetate,  whose  oxidation  by  homogenized 
tissue  can  be  catalyzed  by  trace  amounts  of  a  C4-dicarboxylic  acid,  a." 
shown  in  section  1.  These  two  compounds,  as  well  as  butyrate,  are  oxidized 
by  adrenal  slices  with  apparent  ease,  presumably  because  of  the  continuous 
supply  of  the  dicarboxylic  acids  in  the  intact  cells.  Ascorbic  acid  is  oxidized 
by  both  preparations.  . 
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6.  The  effect  of  steroids  in  vitro  on  adrenal  metabolism 

That  physiologically  active  steroids  may  exert  definite  in  vitro  effects 
on  tissue  metabolism  has  been  established  by  previous  authors,  (lordon 
and  h]lliott  (1947)  found  that  testosterone  and  certain  other  steroids  de¬ 
pressed  the  oxidation  of  glucose  by  rat  brain  slices.  They  later  showed 
(Eisenberg,  Gordon  and  Elliott,  1949)  that  suspensions  of  testosterone 
likewise  inhibited  the  uptake  of  oxygen  by  rat  liver  and  skeletal  muscle 
slices.  The  specific  nature  of  the  inhibition  was  pointed  out,  since  several 
other  steroids  did  not  inhibit.  ^Moreover  the  inhibitory  steroids  differed 
in  their  action  quantitatively.  The  study  by  Eisenberg  et  al.  (1949)  indi- 


Tabi,e  6.  Effect  of  cortisone  and  desoxvcorticosterone  in  vitro  on  oxida¬ 
tions  IN  BEEF  ADRENAL,  KIDNEY  AND  HEART  IIOMOOENATES 

(Figures  ropresiMit  per  cent  chaiiKcs  in  45  min.  O-  consumption  aliove  (+)  or  below  (— ) 
control  value  observed  with  tlie  respective  substrates.) 


Tissue 

.\dren 

al 

Kidney 

Heart 

Steroid 

E 

DOC 

K 

DOC 

K 

DOC 

Substrate 

KudoRcnous 

— 15 

-32 

-28 

—  45 

-29 

-73 

(Utnite 

-11 

-70 

-10 

-70 

+  6 

-60 

Cis-Aconitate 

-40 

-64 

-15 

—  65 

0 

-60 

a-Ketoglutarate 

-35 

-50 

+20 

-70 

+30 

—  56 

Succinate 

-  0 

-1-  9 

-10 

+  16 

+  10 

+  5 

Fumarate 

—  «5o 

-.50 

-65 

0 

+  4 

-60 

1-Malate 

-30 

-.50 

+30 

-60 

— 

— 

cated  that  the  site  of  steroid  inhibition  was  not  the  cytochrome  system. 
Hayano,  Schiller  and  Dorfman  (1950)  observed  inhibition  of  oxgyen  con¬ 
sumption  by  rat  liver,  brain  and  kidney  slices  when  various  steroids  were 
added  in  vitro.  Among  the  compounds  tested,  desoxycorticosterone  (DOC) 
was  the  most  active.  DOC  also  inhibited  oxygen  uptake  by  whole  brain 
homogenate  and  by  washed  brain  homogenate  in  the  presence  of  sub¬ 
strates.- In  a  second  paper  (Hayano,  Dorfman  and  Yamada,  1950)  they  re¬ 
ported  the  inhibition  of  d-amino  acid  oxidase  by  DOC  due  to  combination 
of  the  steroid  with  the  apoenzyme.  These  marked  effects  prompted  us  to 
determine  whether  cortical  steroids  might  likewise  haxe^in^ vitro  actions 
on  adrenal  tissue  metabolism. 

To  study  the  problem  the  Warburg  flasks  were  prepared  in  the  usual 
manner  but  in  addition  1  mg.  of  the  crystalline  steroid  was  supplied  in  the 
total  volume  of  3.0  ml.  (Cortisone  is  soluble  in  water  to  the  extent  of  27 
mg.  per  100  ml.  at  25°;  DOC  is  less  soluble.)  In  preliminary  experiments  it 
was  found  that  both  cortisone  (E)  and  DOC  altered  the  rates  of  oxidation 
markedly  in  the  cases  of  certain  substrates.  Furthermore  it  was  noted  that 
when  the  oxidation  of  an  added  substrate  was  inhibited  by  the  steroid. 
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the  degree  of  inhibition  frequently  increased  to  a  maximum  in  about  45 
minutes  and  then  remained  more  or  less  constant.  This  plateau,  represent¬ 
ing  the  full  effect  of  the  steroid,  is  possibly  the  result  of  maximum  contact 
between  steroid  and  enzyme  achievable  under  the  conditions  of  the  ex¬ 
periment,  one  such  condition  being  the  rate  of  solubilization  of  the  steroid. 
The  results  with  E  and  DOC  added  to  adrenal  homogenates  are  given  in 
Table  6. 

It  will  be  seen  that  both  steroids  inhibit  the  oxidation  of  the  substrates 
tested,  and  that  DOC  is  the  more  potent  inhibitor.  The  case  of  succinic 
acid  is  exceptional  in  that  the  effeots  of  E  and  DOC  are  minimal  and  of 
little  apparent  significance. 

Similar  experiments  were  than  carried  out  on  beef  kidney  cortex  and 
heart  (ventricular)  muscle  in  order  to  determine  whether  this  pattern  of  in 
vitro  effects  on  adrenal  homogenates  applied  generally  or  whether  the  tis¬ 
sues  exhibited  a  specificity  in  their  reaction  to  the  steroids.  It  is  clear  from 
the  data  of  Table  6  that  the  three  tissues  were  affected  differently.  For  in¬ 
stance,  while  the  endogenous  respiration  of  heart  muscle  was  reduced  by 
E,  this  steroid  increased  the  rate  of  oxidation  of  some  added  substrates 
and  did  not  affect  others.  WTien  supplied  to  kidney  homogenates  E  in¬ 
creased  the  rate  of  oxidation  of  a-ketoglutaric  and  malic  acids  but  inhibited 
in  the  case  of  other  substrates.  The  predominant  action  of  DOC  was  to 
depress  the  oxidation  of  substrates  tested  except  succinic  acid  whose  oxida¬ 
tion  increased  somewhat  in  the  presence  of  this  steroid.  In  addition  DOC' 
had  no  apparent  effect  on  fumarate  oxidation  in  kidney  homogenates.  The 
marked  inhibition  of  endogenous  respiration  of  cardiac  muscle  by  DOC 
may  be  noted. 

Beef  adrenal  slices  were  also  tested  with  the  same  substrates  as  used  for 
homogenates  to  determine  whether  E  and  DOC  would  exert  similar  in 
vitro  effects.  Both  steroids  stimulated  the  oxidation  of  citric  and  succinic 
acids;  DOC  also  increased  the  oxidation  of  fumarate.  Other  oxidations 
(including  endogenous  respiration)  were  inhibited  as  in  the  homogenates 
but  not  to  the  same  extent. 


DISCUSSION 

These  studies  show  that  as  far  as  the  oxidation  of  intermediates  of  the 
Krebs’  tricarboxylic  acid  cycle  are  concerned  the  adrenal  gland  is  not  qual¬ 
itatively  different  from  a  number  of  other  tissues  examined.  However  the 
adrenal  seems  to  have  a  small  complement  of  the  enzymes  oxidizing  amino 
acids. 

The  low  Q  02  values  obtained  with  homogenates  of  the  adrenal  medulla 
as  compared  with  those  prepared  from  the  cortex  indicate  a  minor  role  for 
the  medulla  in  oxidations  performed  by  beef  adrenal  homogenates.  This 
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is  pointed  up  further  by  the  fact  that  in  samples  of  the  glands  collected 
for  use  in  this  work  the  medulla  made  up  only  20-30%  of  the  fresh  weight 
of  the  organ.  WTiether  these  relatively  low  rates  are  also  true  of  the  medulla 
in  situ  is,  of  course,  not  certain.  That  large  differences  may  exist  between 
cortex  and  medulla  as  seen  in  Table  2  should  not  be  surprising,  since  these 
two  tissues  are  embryologically,  histologically  and  physiologically  distinct, 
and  could  be  expected  to  exhibit  differences  just  as  may  spatially  separate 
organs.  Separation  of  the  two  parts  of  the  adrenal  was  not  attempted  with 
guinea  pig  and  rat  glands.  It  is  probable,  however,  that  the  medullae  of 
these  species  also  make  only  a  small  contribution  to  the  respective  Q02 
values  of  the  whole  adrenal  since  guinea  pig  and  rat  medullae  constitute 
only  a  small  part  of  the  gland  (Hartmann  and  Brownell,  1949). 

A  comparison  of  adrenal  homogenates  and  slices  revealed  some  marked 
differences  in  the  rate  of  oxidation  of  substrates.  The  intermediates  of  the 
tricarboxylic  acid  cycle  were  metabolized  more  rapidly  in  the  homogenates 
than  by  the  slices.  It  is  possible  that  rates  in  slice  experiments  are  limited 
by  diffusion  through  the  cell  membrane.  Other  mechanisms  are  undoubted¬ 
ly  operating  in  the  intact  cell  to  govern  the  rate  of  metabolism,  for  respira¬ 
tion  of  adrenal  slices  in  the  absence  of  added  substrate  was  considerably 
higher  than  that  of  the  homogenates.  Moreover  acetate  and  butyrate,  two 
substrates  which  are  not  oxidized  by  homogenized  tissue  unle.ss  catalytic 
amounts  of  C4-dicarboxylic  acids  are  supplied,  were  metabolized  by  slices 
as  readily  as  were  a  number  of  Krebs’  cycle  intermediates. 

The  significance  of  the  in  vitro  effects  of  E  and  DOC  on  adrenal  metab¬ 
olism  is  as  yet  difficult  to  assess.  The  actions  of  these  steroids  do  not  ap¬ 
pear  to  be  merely  physical  effects  due  to  their  surface  activity  and  lipid 
solubility  properties.  In  unpublished  experiments  we  have  obtained  no 
effect  by  adding  cholesterol  to  the  homogenates,  a  steroid  which  would 
appear  to  meet  purely  physical  requirements  for  activity.  Moreover,  as 
pointed  out  above,  others  have  also  found  quantitative  differences  in  the 
action  of  steroids  in  vitro  and  have  reported  on  steroids  which  do  not  affect 
various  in  vitro  metabolic  reactions.  The  in  vitro  effects  of  E  and  DOC 
observed  here  on  a  series  of  comparable  oxidative  reactions  occurring  in 
beef  adrenal,  heart  and  kidney  (Table  6)  strengthen  the  view  that  the  ster¬ 
oids  may  exert  specific  actions  at  one  or  more  points  in  the  enzyme  systems 
catalyzing  these  oxidations. 


SUMMARY 

The  intermediary  oxidative  metabolism  of  the  adrenal  gland  has  been 
studied  by  means  of  the  homogenate  and  tissue  slice  technique.  Interme¬ 
diates  of  the  tricarboxylic  acid  cycle  and  of  fat  oxidation  (acetate,  butyrate) 
were  metabolized  by  both  types  of  preparation,  as  were  certain  amino  acids 
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(glutamic  acid,  methionine,  glycine).  Differences  in  the  rate  of  oxidation 
of  substrates  by  homogenates  and  slices  were  noted  and  the  possible  rea¬ 
sons  for  these  differences  were  discussed.  Examination  of  homogenates  of 
the  cortex  and  medulla  showed  that  the  latter  tissue  has  a  considerably 
lower  oxidative  rate  than  does  the  cortex.  Marked  in  vitro  effects  of  corti¬ 
sone  and  desoxy corticosterone  on  oxidations  in  adrenal,  cardiac  muscle 
and  kidney  homogenates  were  observed.  The  significance  of  these  effects 
awaits  further  study. 

REFERENCES 

Eisenberg,  F].,  G.  S.  Gordon  and  H.  W.  Elliott:  Endocrinology  45:  113.  1949. 
Gordon,  G.  S.  and  H.  W.  Elliott:  Endocrinology  41:  517.  1947. 

Hartmann,  F.  A.  and  K.  A.  Brownell:  The  Adrenal  Gland,  Lea  and  Febiger,  1949. 
H.^^yano,  M.,  R.  I.  Dorfman  and  E.  Y.  Yamada:  J.  Biol.  Chem.  186:  003.  1950. 
Hayano,  M.,  S.  Schiller  and  R.  I.  Dorfman:  Endocrinology  46:  387.  1950, 

Krebs,  H.  A.  and  L.  V.  Eggleston:  Biochem.  J.  34:  442.  1940. 

Umbreit,  W.  W.,  R.  H.  Burris  and  J.  F.  Stauffer:  Manometric  Techniques  and 
Tissue  Metabolism,  Burgess  Publishing  Co.,  1949. 


RECIPROCAL  RELATION  BETWEEN  THE  HYPOPHYSIS 
AND  ADRENALS  IN  FETAL  RATS:  EFFECTS  OF 
UNILATERAL  ADRENALECTOMY  AND  OF 
IMPLANTED  CORTISONE,  DOC^A 
AND  SEX  HORMONT^Si  ^-* 

RALPH  L.  KITCHELL  and  L.  J.  WELLS 

From  the  School  of  Veterinary  Medicine  and  the  Department  of  Anatomy  of  the  College 
of  Medical  Scierices,  University  of  Mimiesota,  St.  Paul  and  Minneapolis,  Minn. 

WE  HA\'E  recently  presented  some  observations  which  suggested 
that  in  the  fetal  rat  the  hypophysis  cerebri  secretes  a  hormone 
(ACTH),  that  this  hormone  stimulates  the  secretion  of  an  active  prin- 
ciple(s)  by  the  adrenal  cortex  and  that  the  cortex  does  not  produce  any 
appreciable  quantity  of  androgen,  if  any  (Kitchell  and  Wells,  1951).  It 
was  observed  that  in  fetuses  of  the  20th  day  the  adrenal  cortex  has  two 
zones.  In  those  of  the  22nd  day  it  has  three:  outer,  intermediate  and  inner. 
The  cells  of  the  intermediate  zone  are  large,  and  they  contain  droplets  of 
osmiphilic  lipids.  Implanted  ACTH  speeds  up  the  growth  of  the  cortex, 
while  the  removal  of  the  fetal  hypophysis  by  decapitation  retards  it.  This 
retardation  can  be  prevented  by  means  of  injected  ACH^H.  Adrenalectomy 
does  not  inhibit  the  growth  of  the  reproductive  organs  in  the  male. 

The  view  that  ACTH  from  the  fetal  hypophysis  stimulates  the  secretion 
of  an  active  principle  by  the  developing  cortex  is  supported  by  the  results 
of  subjecting  fetuses  to  unilateral  adrenalectomy  (Kitchell,  1950a;  cf. 
Tobin’s  experiments,  1939).  The  remaining  adrenal  undergoes  a  compensa¬ 
tory  enlargement.  This  hypertrophy  raised  the  question  of  whether  there 
is  in  the  fetus  a  functional,  reciprocal  relation  between  the  hypophysis  and 
adrenal  cortex. 

The  main  purpose  of  the  present  article  is  to  report  new  observations 
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which  suggest  that  the  foregoing  question  should  be  answered  in  the  affir¬ 
mative.  As  we  shall  see,  implanted  cortisone  prevented  that  compensatory 
hypertrophy  of  the  intact  adrenal  which  ordinarily  follows  unilateral 
adrenalectomy.  The  paper  also  presents,  as  implied  in  the  title,  the  results 
of  related  experiments.  Some  of  these  results  have  been  recorded  in  ab¬ 
stracts  (Kitchell,  1950b,  1951). 

MATERIALS  AND  METHODS 

In  rats  of  the  Sprague-Dawley  strain,  68  experimental  fetuses  and  61  controls  were 
obtained  from  48  pregnancies  which  were  dated  from  the  time  of  observed  copulation. 
The  treatment  was  begun  on  the  morning  of  the  20th  day  (lOj  days)  and  ended  just 
before  term. 

The  methods  of  treatment  have  been  described  (Wells,  1950;  Kitchell,  1950a;  Kitchell 
and  Wells,  1951).  In  short,  the  pellets  of  hormone  to  be  implanted  were  prepared  in 
advance,  dried  in  a  desiccator  and  weighed;  each  pellet  weighed,  on  the  average,  1.0 
mg.  The  uterus  of  an  anesthetized  pregnant  rat  was  exposed  by  opening  the  peritoneal 
cavity.  In  Groups  D  through  H  (Table  1)  a  tiny  incision  was  made  in  the  uterus  and 
fetal  membranes,  a  pellet  of  hormone  was  implanted  under  the  exposed  skin  of  the 
fetus  and  the  uterine  incision  was  closed.  In  Groups  A,  B  and  C  the  fetus  was  first  taken 
out  of  the  uterus  and  fetal  membranes  without  injuring  its  lifeline  (umbilical  cord) 
and  then  subjected  to  left  adrenalectomy.  In  Groups  B  and  C  a  pellet  of  hormone  was 
subcutaneously  imjjlanted.  hiach  treated  fetus  in  Groups  A,  B  and  C  (fetus  “extrauter- 
inized”  but  left  attached  to  the  uterus  by  the  umbilical  cord),  was  placed  in  the  body 
cavity  of  the  mother.  After  all  steps  in  the  treatment  had  been  completed  the  maternal 
incisions  were  sutured,  the  anesthesia  discontinued  and  the  mother  taken  to  her  cage. 

.4t  52(+  1)  hours  after  the  treatment  had  been  finished,  each  experiment  was  ended 
bj'  killing  the  mother;  at  this  time,  about  one  hour  before  expected  parturition,  the 
determined  age  of  the  fetuses  was  approximately  21  days  and  15  hours.  The  experi¬ 
mental  fetus(es)  and  a  litter-mate  control  which  up  until  now  had  remained  untouched 
in  the  uterus  were  removed,  weighed,  killed  and  eviscerated  for  the  purpose  of  exposing 
the  adrenals;  in  each  experimental  fetus  in  Groups  B  through  H  the  implanted  pellet 
of  hormone  was  removed  and  stored  in  a  desiccator  in  order  to  obtain  at  a  later  time  the 
final,  dried  weight.  The  two  eviscerated  bodies  (male  and  male  or  female  and  female) 
were  fixed  in  Bouin’s  solution. 

After  fixation  the  adrenals  were  dissected  out  and  removed.  The  right  gland  was 
.sectioned  in  series  at  10/x,  and  the  sections  were  stained  with  hematoxylin  and  eosin. 
In  Groups  D  through  H  the  left  adrenal  was  sectioned  at  4/i  but  not  in  perfect  series. 
Selected  sections  were  stained  by  the  technique  of  Masson. 

The  volume  of  the  right  adrenal  was  determined  from  the  series  of  stained  sections 
by  the  paper-weight  method  of  Hammar  (1914).  Every  sixth  section  was  projected  at 
a  magnification  of  50  diameters  and  drawn,  the  tracings  were  excised  and  weighed  and 
an  adaptation  of  Boyden’s  formula  (1940)  was  used. 

OBSERVATIONS 

This  section  of  the  paper  should  be  introduced  by  calling  attention  to 
our  earlier  observation  that  the  adrenals  of  male  fetuses  are  morphologi¬ 
cally  similar  to  those  of  female  fetuses  and  that  the  “adrenal  volume/body 
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Table  1.  Volumetric  data  on  the  right  adrenal 


I'etu.ses 

Body 

Volume 

Vol. 

(min’- 10’) 

weight 

Treatment 

(mm’  - 10’), 

Body  wt.  (g) 

(gra.), 

Cl  roup 

No. 

av. 

.\v. 

Pt‘  E/(' 

A 

14  E^ 

Unilateral  adrenalectomy 

4.42 

51 .7 

11.7 

.001  1  .38 

14  C 

4 .55 

39.1 

8.5 

6  E 

Unil.  adr.  and  corti.«one 

4.. 50 

31.7 

7.0 

1 

B 

6C 

4.. 54 

36 . 8 

8.1 

.008  !  .87 

C 

6  E 

Unil.  adr.  and 

4.60 

53.0 

11.5 

.02  1.35 

6  C 

4.69 

40.2 

8.6 

7  E 

DOC  A 

3.93 

42.1 

10.7 

1) 

7C 

4.36 

40.2 

9.2 

.9  1.16 

E 

9  E 

Cortisone 

4.10 

33.3 

8.1 

.4  1.08 

9  C 

4.64 

34.8 

7.5 

i 

8  E 

.\ndrogen 

4.74 

61.1 

13.0 

F 

SC 

5.13 

58.8 

11.5 

.047  1.13 

(1 

8  E 

Progesterone 

5.14 

67.6 

13.1 

.5  1.04 

8C 

5.27 

67.0 

12.6 

10  E 

Estrogen 

4.31 

57.9 

13.4 

H 

10  C 

4 .56 

55.2 

12.1 

.9  1.11 

*  V'alues  of  .01  to  .05  would  suggest  that  the  several  “litter  differences”  ((’  minus  E)  are 
significant;  those  smaller  than  .01,  highly  significant. 

*  E,  exiierimental;  C,  control. 


weight”  is  es.sentially  the  same  in  the  two  sexes  (Kitchell  and  Wells,  1951). 

Accordingly,  in  the  present  study,  the  averaged  data  on  each  group  in 
Table  1  w'ere  obtained  from  males  and  females.  However,  in  a  particular 
group  (aside  from  the  exceptions  to  be  noted  below),  the  experimental 
males  were  matched  by  an  equal  number  of  control  males;  similarly,  the 
experimental  females  were  matched  by  an  equal  number  of  control  females. 
In  those  exceptional  litters  in  which  there  were  two  experimental  fetuses 
of  the  same  sex,  only  one  control  fetus  (of  the  same  sex)  was  used;  in  com¬ 
puting  averages,  the  data  on  this  single  control  were  entered  in  duplicate; 
actually  there  w^ere  13  control  fetuses  in  Group  A,  6  an  D,  5  in  G  and  8  in 
H.  There  w'ere  also  three  exceptional  litters  in  which,  for  one  reason  or 
another,  the  experimental  fetus  and  its  control  w'ere  of  the  opposite  sex 
(one  litter  in  Group  B,  one  in  C  and  one  in  E). 

Before  taking  up  the  physiological  effects  of  the  various  treatments  we 
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should  deal  briefly  with  the  subject  of  absorption  of  hormone  from  the  im¬ 
planted  pellets.  In  each  pellet  the  determined  amount  which  had  been 
absorbed  was  obtained  by  subtracting  the  final  weight  from  the  initial 
weight.  The  ponderal  differences  ranged  from  0  to  .4  mg.  (maximum  of  .2 
mg.  in  Group  B,  .2  in  C,  .2  in  D,  .4  in  E,  .3  in  F,  .4  in  (J  and  .4  in  H).  The 
“experimental  error”  in  weighing  .such  tiny  pellets  on  an  analytical  balance 
must  have  been  a  factor  in  the  differences  observed.  In  any  event  there  did 
not  seem  to  be  any  close  correlation  between  the  amount  “absorbed”  and 
the  magnitude  of  the  physiological  effects.  It  does  not  seem  necessary  to 
give  this  .subject  further  attention. 

Controls.  The  adrenals  had  a  capsule,  a  cortex  of  three  zones  (outer, 
intermediate  and  inner)  and  a  medulla.  The  capsule  and  intermediate  zone 
are  best  shown  in  Fig.  3,  while  the  medulla  and  outer  zone  are  best  shown 
in  Fig.  1. 

In  concentrating  upon  the  three  cortical  zones,  the  cells  of  the  outer 
zone  were  small  and  tightly  packed.  The  cytoplasm  was  scant  and  non- 
vacuolated.  ^Mitotic  figures  were  present  (not  illustrated).  In  contrast  the 
cells  of  the  intermediate  and  inner  zones  were  larger,  the  cytoplasm  more 
abundant  and  the  mitotic  figures  fewer.  The  principal  difference  between 
the  intermediate  and  inner  zones,  aside  from  topographical  position,  was 
the  degree  of  cytoplasmic  vacuolation.  The  vacuoles  were  most  numerous 
in  the  intermediate  zone. 

Effects  of  unilateral  adrenalectomy  {Group  A).  This  group  is  composed 
of  fetu.ses  from  seven  new  litters  and  from  the  litters  which  were  presented 
in  an  earlier  paper  (Kitchell,  1950a).  The  effects  were  the  same  as  those 
already  reported. 

The  observations  in  this  group  constitute  the  standard  for  judging  the 
effects  in  Groups  B  and  C.  Figures  1  and  2  are  reproduced  at  such  low'  mag¬ 
nification  that  they  .should  be  .supplemented  by  a  .short  written  account. 

In  each  litter  the  sectioned  right  adrenal  of  the  experimental  fetus  (E) 

Fig.  1.  Section  of  the  right  adrenal  of  a  control  fetus.  Between  the  thin  capsule 
(top)  and  the  medulla  (center)  is  the  cortex.  At  the  magnification  presented  the  widtli 
of  the  outer  zone  of  the  cortex  is  less  than  1  cm.,  and  the  boundar}'  between  the  inter¬ 
mediate  and  inner  zones  cannot  be  seen.  Group  A,  Litter  1044,  lO/i,  hematoxylin  and 
eosin,  X  158. 

Fig.  2.  Compensatory  enlargement  of  the  right  adrenal  after  left  adrenalectomy. 
Group  A,  Litter  1044,  10/i,  hematoxylin  and  eosin,  X  158. 

Fig.  3.  I^eft  ailrenal  of  a  control  fetus.  This  photograph  illustrates  the  capsule  and 
two  of  the  cortical  zones,  outer  and  intermediate,  but  does  not  include  the  inner  zone. 
In  the  intermediate  zone  observe  the  sinusoids,  large  cells  and  cytojilasmic  vacuoles. 
Group  F,  Litter  788,  4^,  technique  of  Masson,  X  620. 

Fig.  4.  Left  adrenal  of  an  experimental  fetus  in  which  a  pellet  of  androgen  had  been 
implanted  under  the  skin.  Group  F,  Litter  788,  4/i,  technique  of  Masson,  X  620. 
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and  that  of  the  control  fetus  (C)  were  simultaneously  examined  with  the 
aid  of  a  microcomparator.  It  was  found  that  the  cells  of  the  outer  cortical 
zone  were  largest  in  E.  This  difference  involved  both  cytoplasm  and  nu¬ 
cleus.  The  intermediate  zone  was  widest  in  E,  and  its  cells  were  largest  in 
E.  The  thickness  of  the  inner  zone  was  about  the  same  in  E  and  C.  The  cells 
of  the  inner  zone  were  largest  in  E,  and  the  cytoplasmic  vacuoles  were  most 
numerous  in  E. 

In  Table  1  the  average  E/C  value  of  1.38  and  the  Pt  value  of  .001  reflect 
the  fact  that  in  13  of  the  14  cases  the  “litter  E/C  value”  was  greater  than 
unity  (the  14  values  ranged  from  .90  to  1.79).  All  the  observations  in  Group 
A  make  it  clear  that  in  a  large  majority  of  the  experimental  fetuses  the 
right  adrenal  had  undergone  a  compensatory  hypertrophy. 

Effects  of  unilateral  adrenalectomy  and  implanted  cortisone  {Group  B). 
The  stained  sections  were  microscopically  examined  with  the  aid  of  a 
microcomparator.  It  w^as  found  that  morphologically  the  E  and  C  adrenals 
were  essentially  alike. 

The  quantitative  data  indicate  that  the  E  adrenals  were  actually  the 
smallest  and  that  the  E  and  C  body  weights  were  almost  identical  (cf. 
the  average  E  C  value  of  .87,  Table  1).  The  six  “litter  E/C  values”  were  all 
smaller  than  1.00,  the  range  being  .79  to  .96.  The  quantitative  differences 
seem  to  be  statistically  significant. 

Two  of  the  litters  are  of  special  interest.  Each  had  two  unilateral! y- 
adrenalectomized  fetuses.  One  of  these  fetuses  was  an  “experimental 
member”  of  Group  B  (cortisone  implanted),  and  the  other  was  an  “ex¬ 
perimental  member”  of  Group  A  (cortisone  not  implanted).  The  two  “litter 
E/C  values”  for  Group  B  w'ere  .85  and  .96  (cortisone  implanted),  while  the 
two  for  Group  A  w^ere,  respectively,  1.36  and  1.50  (cortisone  not  implanted). 

Effects  of  unilateral  adrenalectomy  and  implanted  desoxycorticosterone 
acetate  {Group  C).  The  effects  were  like  those  in  Group  A  (unilateral  ad¬ 
renalectomy  alone).  The  quantitative  data  showed  that  in  each  of  the  six 
litters  the  E  adrenal  was  larger  than  the  C  adrenal  and  that  the  E  and  C 
body  weights  were  almost  equal.  The  six  “litter  E/C  values”  were  all 
greater  than  1.00  (range,  1.07  to  1.80).  The  quantitative  differences  would 
seem  to  be  significant  (Pt  of  .02). 

One  litter  deserves  special  attention.  It  had  two  unilaterally-adrenal- 
ectomized  fetuses.  One  was  an  “experimental  member”  of  Group  C 
(DOCA  implanted),  while  the  other  was  an  “experimental  member”  of 
Group  A  (DOCA  not  implanted).  The  “litter  E/C  values”  w^ere,  respec¬ 
tively,  1.80  and  1.79. 

Effects  of  DOCA  and  cortisone  {Groups  D  and  E).  There  did  not  .seem  to 
be  any  significant  effects  upon  the  adrenals  and  body  w^eight.  A  micro- 


January,  1952  HYPOPHYSIS  ADRENAL  SYSTEM  IN  FETUS 


89 


scopical  examination  of  the  sectioned  adrenals  in  the  field  of  a  microconi- 
parator  showed  that  the  minute  anatomy  of  the  E  gland  was  similar  to 
that  of  the  C  gland. 

Effects  of  testosterone  propionate  {Group  F).  The  implanted  androgen 
had  not  caused  any  marked  effects  upon  the  adrenal.  Figures  4  and  3  show 
that  in  one  litter  the  minute  structure  of  the  E  gland  was  similar  to  that  of 
the  C  gland. 

.Judging  from  the  quantitative  data,  it  is  problematical  as  to  whether 
the  androgen  had  slightly  stimulated  the  growth  of  the  adrenal.  The  Pt 
value  of  .047  is  barely  below’  the  upper  limit  of  a  commonly-accepted  range 
w  hich  suggests  statistical  significance  (range  from  .01  to  .05,  Treloar,  1042).^ 

Effects  of  progesterone  and  estradiol  benzoate  {Groups  G  and  H).  The  E 
and  C  adrenals  w’ere  histologically  and  cytologically  similar.  Volumetrically 
they  were  somewhat  different,  but  the  difference  is  not  statistically  signifi¬ 
cant. 

DISCUSSION 

We  have  recorded  one  line  of  experimental  evidence  of  a  functional, 
reciprocal  relation  between  the  fetal  hypophysis  and  adrenals,  namely  the 
observation  that  in  unilaterally-adrenalectomized  fetuses  a  compensatory 
hypertrophy  of  the  intact  adrenal  may  be  prevented  by  means  of  implanted 
cortisone.  Although  our  view’  of  the  existence  of  a  reciprocal  relation  has 
not  yet  achieved  the  status  of  a  thesis,  it  w’ould  seem  to  be  a  useful  w  orking 
hypothesis. 

This  hypothesis  is  supported  by  our  observations  which  were  cited  in 
the  introduction,  by  the  results  of  other  work  in  fetuses  and  by  a  study  in 
chick  embryos.  It  has  been  reported  that :  a)  “hypophysectomy”®  retards 
the  grow’th  of  the  adrenals  in  fetal  rats  (Wells,  1947,  1948;  Domm  and 
Leroy,  1951),  mice  (Raynaud  and  Frilley,  1950)  and  rabbits  (.Tost,  1948), 
decreases  the  number  of  liposomes  in  the  adrenal  cortex  (intermediate 
zone)  of  fetal  rats  (Wells,  1949)  and  alters  the  amount  of  ascorbic  acid 
in  the  adrenals  of  chick  embryos  (Case,  1951),  b)  this  retarded  growth  of 
the  adrenal  and  reduction  of  its  liposomes  may  be  prevented  by  means  of 
injected  ACTH  (Wells,  1948,  1949),  c)  an  increase  in  the  weight  of  the 
adrenals  of  fetal  rats  may  be  produced  by  adrenalectomizing  the  pregnant 

*  In  a  preliminary  study  of  the  data  on  Group  F,  an  error  in  making  the  t-test  gave  a 
Pt  value  of  .03;  this  led  to  what  may  have  been  an  unwarranted  conclusion  that  androgen 
had  “slightly  increased  the  volume  of  the  adrenal”  (Kitchell,  1950b). 

*  This  “hypophysectomy”  was  accomplished  by  irradiation  (mice)  or  by  decapita¬ 
tion  (rats,  rabbits,  chicks) ;  in  chick  embryos,  certain  workers  failed  to  observe  a  retarded 
growth  of  the  adrenals  after  hypophysectomy  by  irradiation  (Wolff  and  Stoll,  1937; 
Stoll,  1939)  or  by  decapitation  (Fugo,  1940). 
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mother  (Ingle  and  Fisher,  1938;  Walaas  and  Walaas,  1944;  Houssay, 
1945)®  and  d)  this  increase  may  be  prevented  by  introducing  DOCA  into 
the  maternal  circulation  (Walaas  and  Walaas,  1944;  Houssay,  1945). 

Our  working  hypothesis  is  also  supported  by  certain  observations  in 
infants  and  newborn  rats.  It  has  been  reported  that  the  adrenals  of  pre¬ 
mature  infants  are  able  to  respond  to  “stress”  in  the  same  manner  as 
those  of  the  adult  (Venning,  Randall  and  Gyorgy,  1949).  These  workers 
also  found  that  in  premature  infants  the  quantity  of  excreted  glucocorti¬ 
coids  is  about  the  same  as  that  in  full-term  infants.  In  newborn  rats,  van 
Dorp  and  Deane  (1950)  have  presented  some  histological  and  cytological 
evidence  of  the  secretory  activity  of  the  adrenal  cortex. 

The  hypothesis  is  similar  to  one  advanced  by  MacKay  and  MacKay 
(1938)  in  order  to  explain  their  observation  that  injected  extracts  of  the 
adrenal  cortex  prevented  a  compensatory  hypertrophy  of  the  adrenal  in 
rats  which  had  been  unilaterally-adrenalectomized  during  the  postnatal 
period.  This  view  of  the  existence  of  a  reciprocal  relation  between  the 
hypophysis  and  adrenals  during  the  postnatal  period  is  supported  l)y 
numerous  observations  (Sayers  and  Sayers,  1949)  including  those  on  the 
effects  of  injected  Compound  E  (Lewis,  Rosenberg  and  Wilkins,  1950). 
Lewis,  et  ah,  reported  a  decrease  in  the  size  of  the  adrenals  in  injected  but 
non-hypophysectomized  rats  and  an  absence  of  it  in  injected  animals  which 
had  been  hypophysectomized  and  then  maintained  “on  a  constant  dose 
of  ACTII.”  They  concluded  that  the  “adrenal  atrophy  produced  by  treat¬ 
ment  with  Cpd.  E  is  caused  chiefly  if  not  entirely  by  inhibition  of  the  pro¬ 
duction  of  ACTH”. 

The  question  arises  as  to  why  in  our  experiments  the  implanted  cortisone 
had  failed  to  reduce  the  size  of  the  adrenals  (Group  E).  Although  the  an¬ 
swer  is  not  apparent,  it  should  be  pointed  out  that  the  period  of  treatment 
was,  of  necessity,  relatively  short. ^  It  may  be  added  that  the  absorption  of 
some  of  the  implanted  hormone  would  seem  to  have  occurred  since  im¬ 
planted  cortisone  prevented  any  compensatory  hypertrophy  in  Group  B. 

In  Group  B  there  may  have  been  an  actual  reduction  in  the  size  of  the 
adrenals,  as  suggested  by  the  volumetric  data  alone  (Pt  of  .008).  However, 
the  volumetric  difference  between  the  E  and  C  adrenals  was  not  associated 
with  any  detectable  changes  in  the  minute  structure  of  the  adrenal  cortex 

While  it  is  not  clear  as  to  why  the  implanted  DOCA  and  sex  hormone- 
had  failed  to  produce  any  appreciable  effects,  this  failure  is  explained  ii> 

®  McKeovvn  and  Spurrell  (1940)  carried  out  similar  experiments,  and  did  not  fini 
any  perceptible  difference  between  the  experimental  adrenals  and  control  glands. 

^  In  fetuses  deprived  of  the  hypophysis  by  decapitation,  for  example,  the  greates' 
effects  upon  the  adrenal  were  noted  in  those  cases  in  which  the  experimental  period  ha' 
been  the  longest,  four  days  (Wells,  1948;  Kitchell  and  Wells,  1951). 
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part  by  the  observations  of  other  workers.  Sayers  and  Sayers  (1949)  found 
that  DOCA  and  progesterone  are  less  effective  than  corti.sone  in  inhibiting 
the  secretion  of  ACTH  by  the  hypophysis  of  the  rat  after  birth,  tlie  ratios 
being,  respectively,  1  to  4  and  1  50to4.  WhereasWalaasandWalaas  (1944) 
reported  the  prevention  of  an  enlargment  of  the  fetal  adrenals  by  introduc¬ 
ing  DOCA  into  the  circulation  of  the  adrenalectomized  mother,  the  length 
of  the  period  of  treatment  was  doubtle.ss  an  important  factor;  they  began 
the  treatment  on  the  16th  day  of  pregnancy  and  continued  it  up  to  term. 
Parmer,  Katonah  and  Angrist  (1951)  observed  that  introtluced  DOC’A 
did  not  influence  the  ponderal  growth  of  rats  during  the  neonatal  period. 

In  our  work  the  data  suggest  that  the  implanted  hormones  had  not 
caused  any  perceptible  modification  of  the  growth  of  the  fetuses.  Other  in¬ 
vestigators  have  reported  that  large  doses  of  cortisone  inhibit  the  growth 
of  immature  rats  (Wells  and  Kendall,  1940;  Parmer,  Katonah  and  Angrist, 
1951).  However,  Leroy  and  Domm  (1951)  did  not  note  any  effects  upon 
the  weight  of  fetuses  w'hich  had  been  subjected  to  cortisone. 

Returning  to  our  principle  hypothesis,  we  have  considered  the  question 
of  whether  the  enlargement  of  the  adrenals  of  unilaterally-adrenalectomized 
fetuses  could  be  due  in  part  to  the  action  of  ACTH  from  the  maternal  hy¬ 
pophysis  or  from  some  other  source  (placenta?).  We  would  answer  this 
question  in  the  negative  since  the  removal  of  the  fetal  hypophysis  l)y 
decapitation  retards  the  growth  of  the  adrenals  and  since  we  are  not  aware 
of  evidence  that  ACTH  can  cross  the  placental  barrier  (see  Houssay’s 
study  of  the  adrenals  in  fetuses  from  mothers  which  had  l)een  adrenalec¬ 
tomized,  1945).  In  regard  to  the  placenta  Greer  (1949)  studied  the  ad¬ 
renals  of  hypophysectomized  pregnant  rats,  and  concluded  that  the  pla¬ 
centa  does  not  produce  ACTH;  while  his  observations  also  suggest  that 
ACTH  of  fetal  origin  had  not  reached  the  maternal  circulation,  he  did  not 
mention  this. 

Our  working  hypothesis  does  not  seem  to  be  discredited  by  certain  ex¬ 
periments  which  failed  to  demonstrate  the  secretion  of  ACTH  in  immature 
rats  and  premature  infants.  Jailer  (1950)  u.sed  the  immature  rat,  injected 
epinephrine,  killed  the  animal  “between  one  and  two  hours  later,”  deter¬ 
mined  the  ascorbic-acid  content  of  the  adrenals  and  noted  that  the  amount 
of  ascorbic  acid  had  not  been  reduced  in  any  case  in  which  the  rat  was 
younger  than  8  days;  lowered  temperature  did  not  reduce  the  amount  in 
rats  younger  than  16  days.  Jailer,  Wong  and  Engle  (1951)  used  premature 
infants,  subjected  each  to  one  injection  of  epinephrine,  counted  the  eosino¬ 
phils  in  three  samples  of  l)lood  (one  sample  drawm  before  the  injection, 
the  others  at  two  hours  and  four  hours  after  the  injection)  and  observed 
that  the  number  of  eosinophils  had  not  been  significantly  decreased  in  any 
case  in  w'hich  the  infant  W'as  under  nine  days  of  age.  That  these  techniques 
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may  have  certain  shortcomings  when  they  are  used  in  newborn  rats  and 
premature  infants  is  suggested  by  the  statment  that  “the  infant  rat 
will  .  .  .  respond  to  a  sustained  stress  over  a  period  of  five  days”  (Jailer, 
Wong  and  Engle,  1951,  p.  191). 

Finally  the  hypothesis  should  be  considered  in  the  light  of  the  fact  that 
pregnancy  prolongs  the  life  of  adrenalectomized  dogs  (Rogoff  and  Stewart, 
1927)  and  tends  to  relieve  temporarily  the  symptoms  of  Addison’s  disease 
(Thorn,  1949).  While  it  has  not  been  shown  that  the  adrenals  are  involved 
in  these  phenomena,  we  do  not  know  of  any  observations  which  would 
exclude  them  as  a  contributing  factor.  The  action  of  progesterone  seems 
to  be  one  factor  since  injections  of  this  hormone  will  prolong  the  life  of 
adrenalectomized  ferrets  (Gaunt  and  Hays,  1938)  and  rats  (Schw^abe  and 
Emery,  1939;  Greene,  Wells  and  Ivy,  1939).  A  study  of  the  quantity  of 
urinary  ketosteroids  in  a  pregnant  woman  with  Addison’s  disease  attracts 
attention  (Samuels,  Evans  and  McKelvey,  1943).  The  quantity  remained 
very  low  until  the  6th  month,  then  rose  to  a  level  of  11  to  15  mg.  per  day 
and,  after  partuition,  immediately  dropped  to  the  original  low;  the  Ad¬ 
disonian  symptoms  fully  returned  after  the  baby  had  been  born.  Samuels, 
Evans  and  AIcKelvey  presented  the  suggestion  that  the  adrenals  of  the 
fetus  might  have  been  the  source  of  these  ketosteroids. 

SUMMARY  AND  CONCLUSIONS 

In  fetuses  which  had  been  subjected  to  left  adrenalectomy  on  the  morning 
of  the  20th  day  and  killed  just  before  term,  stained  serial  sections  of  the 
right  adrenal  were  first  studied  microscopically  wdth  the  aid  of  a  micro- 
comparator  and  then  used  in  determining  the  volume  of  the  gland  (paper¬ 
weight  method).  It  was  found  that  the  intact  adrenal  had  become  enlarged. 
In  similar  fetuses  in  w'hich  a  pellet  of  cortisone  (1.0  mg.)  was  implanted 
under  the  skin,  this  compensatory  hypertrophy  of  the  adrenal  was  pre¬ 
vented.  Implanted  desoxycorticosterone  acetate  (DOC A)  did  not  prevent 
the  compensatory  hypertrophy. 

Fetuses  with  both  adrenals  intact  were  subjected  to  the  subcutaneous 
implantation  of  a  pellet  of  hormone  (cortisone,  DOCA,  testosterone  pro¬ 
pionate,  progesterone  or  estradiol  benzoate).  The  treatment  did  not  pro¬ 
duce  any  appreciable  change  in  the  volume  of  the  adrenal  nor  in  the 
minute  anatomy  of  the  cortex. 

The  prevention  of  an  enlargment  of  the  adrenal  in  a  series  of  unilaterally- 
adrenalectomized  fetuses  by  means  of  implanted  cortisone  constitutes  one 
line  of  evidence  that  in  fetal  rats  there  is  a  functional,  reciprocal  relation 
between  the  hypophysis  and  adrenals.  Our  view  of  the  existance  of  this 
reciprocal  relation  would  seem  to  be  a  useful  working  hypothesis. 


January,  1952  HYPOPHYSIS  ADRENAL  SYSTEM  IN  FETUS 


93 


REFERENCES 

Boyden,  E.  a.:  Contrib.  to  Embryo!.,  Carnegie  Inst.  Wash.  28:  157.  1940. 

Ca.se,  J.  F.:  Anat.  Rec.  109:  277.  1951. 

Domm,  L.  V.  AND  P.  Leroy:  Anat.  Rec.  109:  395.  1951. 

Dorfman,  R.  I.  AND  G.  VAN  Wagenen:  Surg.,  Gynec.  and  Obst.  73:  545.  1941. 

Gaunt,  R.  and  H.  \V.  Hays:  Am.  J.  Physiol.  124:  763.  1938. 

Greene,  R.  R.,  J.  A.  Wells  and  A.  C.  Ivy:  Proc.  Soc.  Exper.  Biol,  and  Med.  40:  83. 
1939. 

Greer,  M.  A.:  Endocrmology  45:  178.  1949. 

Ha.\imar,  j.  a.:  Z.f.  Angew.  Anat.  u.  Konstitutionslehre  1:  311.  1914. 

Houssay,  B.  a.:  Rev.  Soc.  argent,  de  biol.  21:  316.  1945. 

Ingle,  D.  J.  and  G.  T.  Fisher:  Proc.  Soc.  Exper.  Biol,  and  Med.  39:  149.  1938. 

Jailer,  J.  W.:  Endocrinology  46:  420.  1950. 

Jailer,  J.  W.,  A,  S.  H.  Wong  and  E.  T.  Engle:  J.  Clin.  Endocrinol.  11:  186.  1951. 
JosT,  A.:  Compt.  rend.  Soc.  de  biol.  142:  273.  1948. 

Kitchell,  R.  L.:  Proc.  Soc.  Exper.  Biol,  and  Med.  75:  824.  1950a. 

Kitchell,  R.  L.:  Anat.  Rec.  108:  598.  1950b. 

Kitchell,  R.  L.:  Anat.  Rec.  109:  312.  1951. 

Kitchell,  R.  L.  and  L.  J.  Wells  (To  be  submitted  to  the  Anatomical  Record) 

Leroy,  P.  and  L.  V.  Domm:  Anat.  Rec.  109:  319.  1951. 

Lewis,  R.  A.,  E.  Rosemberg  and  L.  Wilkins:  Endocrinology  47:  414.  19.50. 

Mac  Kay,  E.  M.  and  L.  L.  Mac  Kay:  Endocrinology  23:  237.  1938. 

McKeown,  T.  and  W.  R.  Spurrell:  J.  Physiol.  98:  255.  1940. 

Parmer  L.  G.,  F.  Katonah  and  A.  A.  Angrist:  Proc.  Soc.  Exper.  Biol,  and  Med.  77: 
215.  1951. 

Raynaud,  A.  and  M.  Frilley:  Compt.  rend.  Acad.  sc.  230:  331.  19.50. 

Rogoff,  j.  H.  and  G.  N.  Stewart:  .4m.  J.  Physiol.  79:  508.  1927. 

Samuels,  L.  T.,  G.  T.  IA  ans  and  J.  L.  Me  Kelvey:  Endocrinology  32:  422.  1943. 
Sayers,  G.  and  M.  A.  Sayers:  .4nn.  New  York  Acad.  Sc.  50:  522.  1949. 

ScHWABE,  E.  L.  AND  F.  C.  Emery:  Proc.  Soc.  Exper.  Biol,  and  Med.  40:  383.  1939. 
Thorn,  G.  W.:  The  Diagnosis  and  Treatment  of  Adrenal  Insufficiency.  Charles  C  Thomas, 
Springfield,  vii  +  171  pp.  1949. 

Tobin,  C.  E.:  Am.  J.  Anat.  65:  151.  1939. 

Treolar,  a.  E.:  Random  Sampling  Distributions.  Burgess  Publishing  Co.,  Minneapolis, 
94  pp.  1942. 

VAN  Dorp,  A.  W.  V.  and  H.  W.  Deane:  Anat.  Rec.  107:  265.  1950. 

VAN  Wagenen,  G.  and  W.  H.  Newton:  Surg.,  Gynec.  and  Obst.  77:  539.  1943. 
Venning,  E.  H.,  J.  P.  Randall  and  P.  Gyorgy:  Endocrinology  45:  4,30.  1949. 

Walaas,  E.  and  O.  Walaas:  .4c<a  path,  et  microbial.  Scandinav.  21:  460.  1944. 

Wells,  B.  B.  and  E.  C.  Kendall:  Proc.  Staff  Meet.,  Mayo  Clinic  15:  324.  1940. 
Wells,  L.  J.:  Anat.  Rec.  97:  409.  1947. 

Wells,  L.  J.:  Proc.  Soc.  Exper.  Biol,  and  Med.  68:  487.  1948. 

Wells,  L.  J.:  Anat.  Rec.  103:  563.  1949. 

Wells,  L.  J.:  Anat.  Rec.  108:  309.  1950. 


A  SIMPLE  METHOD  FOR  THE  MEASUREMENT  OF 
THE  OXYGEN  CONSUMPTION  AND  HEART 
RATE  OF  RATS 


B.  GRAD 

Departments  of  Psychiatry  and  of  Anatomy,  McGill  University,  Montreal 

WHILE  engaged  in  a  study  of  the  effect  of  thyroxine  on  the  oxygen 
consumption  and  heart  rate,  the  need  arose  for  a  simple  means  of 
measuring  the  oxygen  consumption  and  heart  rate  of  a  large  number  of 
rats  daily.  Because  existing  techniques  were  found  to  be  unsuitable  for 
such  studies,  a  simple  apparatus  was  devised  in  which  the  only  special 
piece  of  equipment  required  was  an  electrocardiogram  for  measuring  the 
heart  rate.  This  paper  will  describe  this  method  and,  as  an  example  of  the 
type  of  use  to  which  it  can  be  put,  the  response  of  the  oxygen  consumption 
and  heart  rate  of  rats  to  graded  doses  of  thyroxine  will  be  reported. 

METHODS  AND  TECHNIQUES 

Oxygen  Consumption:  The  animal  was  placed  in  a  48  oz.  jar,  A,  (Fig.  1)  which  con¬ 
tained  soda-lime  to  absorb  CO2  and  water.  Closing  the  jar  was  a  rubber  stopper  fitted 
with  a  T-tube,  B,  one  arm  of  which  led  to  a  manometer,  C,  and  the  other  to  a  300  cc. 
florence  flask,  D,  containing  oxygen  at  atmospheric  pressure.  The  flask,  D,  had  been 
prepared  with  a  test-tube,  KG,  connected  by  a  siphon,  I,  to  the  water  bath,  J,  in  which 
the  apparatus  was  immersed.  The  siphon  and  test-tube  were  filled  with  water  at  the 
beginning  of  the  determination.*  The  manometer,  C,  indicated  a  subatmospheric  pres¬ 
sure  in  A  as  the  animal  in  A  consumed  oxj’gen,  causing  water  to  flow  into  the  flask.  D, 
via  the  siphon,  I,  and  the  test-tube,  KG.  After  15  minutes  the  jar.  A,  was  disconnected 
from  the  flask,  I),  at  the  joint,  O.  By  appljdng  pressure  at  O,  the  water  in  the  flask,  I), 
was  blown  through  the  tube,  FP,  into  a  graduated  cylinder  and  measured.  This  volume 
of  water  corresponded  to  the  volume  of  oxygen  consumed  to  the  nearest  cc.  Because 
the  oxygen  consumption  of  a  mammal  is  a  function  of  the  f  power  of  its  body  weight, 
the  results  were  expressed  as  cc.  of  oxygen  consumed  per  unit  of  the  f  power  of  body 
weight  in  grams  (Kleiber,  1947). 

In  practice  six,  and  more  recently,  twelve  such  units  were  used  simultaneously, 
enabling  one  person  to  carry  out  40  to  50  determinations  in  an  afternoon.  Rats  were 
trained  to  be  quiet  during  the  determination  by  placing  them  in  the  jars  for  an  hour 
daily  for  several  days  prior  to  the  measurements.  Repeated  temperature  measurements 
of  the  rat  chamber  revealed  that  it  did  not  rise  more  than  1°  C.  while  the  oxygen  con¬ 
sumption  was  being  measured. 

Heart  Rate:  The  heart  rate  was  also  measured  with  the  rat  sitting  in  the  same  soda- 
lime-containing  jar.  A,  as  above,  the  jar  being  covered  with  wire  gauze  and  not  with  a 
rubber  stopper  as  in  Fig.  1.  Two  safety  pins,  one  fastened  in  the  skin  on  each  side  of  the 

Received  for  publication  August  30,  1951. 

*  Dr.  E.  Robillard  of  the  Department  of  Physiology  of  the  University  of  Montreal 
suggested  the  use  of  the  test-tube  as  described  above. 
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tnimal,  were  used  as  electrodes.  The  pins  were  connected  by  thin  wire  leads  to  terminals 
on  a  control  board.  When  the  animal  became  quiet,  two  leads  from  an  electrocardiograph 
were  plugged  into  these  terminals  and  a  recording  was  taken  on  time  paper.  The  results 
were  expressed  as  beats  per  minite. 


Fig.  1.  Apparatus  for  measuring  oxygen  consumption  in  rats  and  mice.  L,  M  are 
perforated  metal  baskets  supporting  the  entire  apparatus  in  the  water  bath  (J),  which 
is  kept  at  28  +  1°  C.  during  measurements.  These  metal  baskets  are  unnecessary  if  the 
water  in  the  bath  is  not  too  deej).  Anchors  (N)  keep  the  florence  flask  in  the  bath.  The 
wliole  apparatus  is  brightly  illuminated  to  render  the  rat,  a  nocturnal  animal,  less 
active. 

In  practice  the  control  board  had  50  pairs  of  terminals,  each  pair  being  numbered 
and  connected  to  a  rat  in  a  jar  with  the  corresponding  number. 

To  measure  oxygen  consumption  and  heart  rate  of  a  rat  simultaneously,  the  two 
leads  of  the  electrocardiograph  were  plugged  into  two  terminals  which  pas.sed  through 
the  rubber  stopper  of  the  jar  used  for  the  measurement  of  the  oxygen  consumption. 

The  determinations  were  carried  out  in  the  same  chamber  in  which  the  animals 
were  housed,  a  chamber  in  which  the  temperature  was  maintained  at  29±2°C.,  and  in 
which  the  pressure  varied  from  760  to  780  mm.  Hg.  Because  of  this  constancy  of  condi¬ 
tions  in  the  experimental  chamber,  no  corrections  were  made  in  the  oxygen  consumption 
results  for  temperature  and  pressure  changes  in  the  room.  This  chamber  was  also 
automatically  illuminated  from  8:00  A.M.  to  8:00  P.M.  Wistar  rats,' fed  on  purina  fox 
chow  and  water  ad  lib.  were  used  and  were  not  fasted  prior  to  tlie  determinations.  All 
experiments  were  carried  out  on  unanaesthetized  animals,  and  measurements  were  made 
at  the  same  time  of  day. 

Statistical  analyses  were  carried  out  to  determine  the  significance  of  differences 
(Snedecor,  1948).  Probability  values  less  than  0.05  were  considered  significant. 
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RESULTS 

To  test  the  reliability  of  the  above  apparatus,  the  oxygen  consumption 
of  six  male  albino  rats,  weighing  between  103  and  116  grams,  was  meas¬ 
ured  repeatedly  on  the  same  afternoon  for  60,  20,  10  and  80  minutes  re¬ 
spectively  (Table  1).  The  duration  of  each  measurement  was  changed  on 
the  assumption  that  the  longer  the  time  taken  to  measure  the  oxygen  con¬ 
sumption  the  greater  were  the  chances  for  weaknesses  in  the  apparatus  to 
reveal  themselves  (leaks,  deficient  absorption  of  the  CO2  by  soda-lime,  etc.). 


Table  1.  Variations  in  the  oxygen  consumption  and 

HEART  RATE  OF  MALE  RATS 


Oxygen  consumption 

Heart  rate 

Rat 

Mean  ± 
standard 
error 

(cc./hr./gram’/q 

Coefficient 

of 

variation 

Rat 

Mean  ± 
standard 
error 

(beats/minute) 

Coefficient 

of 

variation 

A* 

.5. 8+0.1 

2.4 

G* 

366  + 17 

10 

B 

5. 6+0. 2 

6.6 

H 

398  +  13 

7 

C 

5.1  +0.4 

16.4 

I 

355+  6 

4 

D 

5. 5+0. 2 

6.1 

J 

342+  8 

5 

E 

5 .5  +  0 .2 

8.1 

K 

350+  4 

2 

F 

5. 4+0.1 

1 .8 

A  to  F 

G  to  K 

(inclusive) 

5 .5  +0 . 1 

8.2 

(inclusive) 

362+  6 

8 

Time 

Time 

Interval 

Taken 

(minutes) 

lot 

5. 5+0. 2 

9.2 

;  Oa.m.J 

373  ±17 

10 

20 

5. 6+0. 2 

7.1 

11  A..M. 

370  ±  6 

4 

00 

5. 5+0. 2 

10.7 

2  P.M. 

354+  7 

4 

HO 

5. 4+0. 2 

6.8 

4  P.M. 

351  ±19 

12 

*  Four  readings  of  the  oxygen  consumption  and  heart  rate  were  taken  per  rat. 
t  The  oxygen  consumption  of  the  above  six  rats  was  measured  at  each  of  the  four  time 
intervals. 

J  The  heart  rates  of  the  above  6ve  rats  were  measured  at  each  of  the  four  times  of  tht 
day. 

A  test  of  the  reproducibility  of  the  heart  rate  technique  was  also  made  on 
five  male  albino  rats,  weighing  between  160  and  195  grams,  whose  heart 
rate  was  measured  four  times  between  9:00  a.m.  and  4:00  p.m.  (Table  1). 

The  mean  oxygen  consumption  was  5.5  cc./hr./gram®/"*  with  a  coefficient 
of  variation  of  8.2,  and  the  mean  heart  rate  was  362  beats  per  minute  with 
a  coefficient  of  variation  of  8.  There  was  no  significant  difference  between 
the  oxygen  consumption  results  in  which  the  duration  of  measurement 
varied  from  10  to  80  minutes;  the  heart  rate  could  also  be  measured  at 
any  time  between  9:00  a.m.  and  4:00  p.m.  without  significant  variation 
This  apparatus  was  also  applicable  for  the  measurement  of  oxygen  con¬ 
sumption  and  heart  rate  in  mice  (Grad,  1949). 
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Because  of  its  intended  use  in  studies  of  the  biological  activity  of  thy¬ 
roxine,  the  effect  of  graded  doses  of  racemic  sodium  thyroxine  on  the  ox¬ 
ygen  consumption  and  heart  rate  of  albino  rats  was  investigated  in  eight 
thyroidectomized  adult  male  rats  weighing  between  160  and  220  grams. 
The  measurements  were  begun  five  weeks  after  thyroidectomy,  at  which 
time  the  animals  were  divided  into  two  groups  of  four.  A  single  subcutan¬ 
eous  injection  of  100  )ug.  of  thyroxine  was  then  administered  to  the  rats  of 
Group  1,  the  rats  of  Group  2  receiving  the  same  volume  of  distilled  water. 


5  15  TiME{doys)25  35 


Fig.  2.  Influence  of  various  doses  of  subcutaneously  administered  thyroxine  on  the 
oxygen  consumption  and  heart  rate  of  thyroidectomized  rats.  Eacli  square  represents 
the  results  of  Group  1,  and  each  circle  those  of  Group  2,  four  rats  being  in  each  group, 
(dosed  symbols  represent  thyroxine-treated  rats,  and  open  symbols  represent  controls. 
Statistical  analysis  of  the  results  of  Group  1  vs.  Group  2  is  as  follows: 

Oxygen  Consumption:  Days  3,  4,  7:  P  <0.001;  Days  10,  11,  13:  P  <0.001;  Day  23: 
0.3  >P  >0.2.  Days  37,  38:  0.4  >P  >0.3;  Heart  Rate:  Days  2,  3,  4:  P  <0.001;  Days  9, 
10,  11,  12,  14:  P  <0.001;  Day  24:0.01  >P  >0.001;  Days  3.5,  30:  P  <0.001. 

Wlien  the  stimulating  effects  of  the  100  mS-  ilose  wore  off,  the  procedure  was 
repeated  with  a  60  ng.  dose,  and  similarly  with  a  30  and  15  mK-  dose.  The 
30  gg.  dose  was  administered  to  the  rats  of  Group  2  while  those  of  Group  1 
served  as  controls. 

Significant  increases  in  heart  rate  were  observed  at  all  dose  levels  tested, 
l)ut  significant  increases  in  the  oxygen  consumption  were  obtained  only 
with  100  and  60  /xg.  of  hormone  (Fig.  2). 


98 


GRAD 


Volume  50 


DISCUSSION 

A  mean  oxygen  consumption  value  of  5.5  cc./hr./gram®'^  obtained 
in  control  tests  (Table  1)  was  in  agreement  with  the  value  of  O.l 
cc./hr./gram*/^  calculated  from  the  data  of  Kibler  and  Brody  (1942),  the 
only  comparable  study  carried  out  on  unfasted  male  rats  of  the  same 
weight.  The  control  mean  heart  rate  value  of  362  beats  per  minute  (Table 
1)  fell  in  between  the  reported  values,  the  lowest  reported  being  264  (Moses, 
1946)  and  the  highest  431  beats  per  minute  (Leblond  and  Hoff,  1944). 
This  agreement  with  reported  values  together  with  the  reasonably  small 
coefficients  of  variation  indicated  that  this  apparatus  was  suitable  for  the 
measurement  of  the  oxygen  consumption  and  heart  rates  in  rats.  In  addi¬ 
tion,  this  apparatus  has  proved  to  be  especially  valuable  in  several  investi¬ 
gations  in  which  a  large  number  of  rats  had  to  be  measured  daily  for  several 
weeks  (Leblond  and  Grad,  1948;  Grad,  1949;  Grad  and  Leblond,  1950). 

Several  points  of  technique  should  be  emphasized :  the  animals  were  not 
fasted  prior  to  the  measurements  because  in  many  of  the  studies  they  had 
receiv^ed  such  strenuous  treatment  as  massive  thyroxine  injections  com¬ 
bined  with  partial  hepatectomy,  etc.  It  was  felt  that  the  additional  stress  of 
an  over-night  fast,  a  procedure  which  can  produce  adrenal  hypertrophy 
and  intestinal  hemorrhage  in  thyroxine  treated  rats  (Leblond,  personal 
communication),  would  have  raised  the  mortality  to  the  point  where  the* 
studies  could  not  be  completed.  Moreover,  measurements  made  on  nor¬ 
mal  unfasted  rats  were  clearly  reproducible,  as  indicated  by  the  low  co¬ 
efficients  of  variation  (Table  1).  Part  of  the  reason  for  this  low  variability 
was  that  the  oxygen  intake  was  always  measured  between  1 :00  p.m.  and 
5:00  P.M.,  at  which  time  the  rats’  stomachs  were  regularly  most  empty 
(Dougherty,  Gross  and  Leblond,  1951).  The  rats  normally  ate  during  the 
night,  at  which  time  the  oxygen  consumption  measurements  were  also  the 
highest  (Grad,  1949). 

Furthermore,  the  measurements  were  carried  out  in  a  controlled  en¬ 
vironmental  temperature,  and  only  in  rats,  of  known  age  and  sex,  inas¬ 
much  as  these  factors  w'ere  also  shown  to  influence  oxygen  consumption 
and  heart  rate  (Grad,  1949). 

The  oxygen  consumption  response  gradually  increased  as  the  dose  of 
thyroxine  was  increased  from  15  to  100  )ug.,  indicating  a  possible  use  of 
this  apparatus  in  thyroxine  bio-assay  (Fig.  2).  Although  the  graded  re¬ 
sponse  was  steeper  for  the  oxygen  consumption  than  for  the  heart  rate,  the 
latter’s  response  to  15  jug.  of  thyroxine  was  greater  than  the  former’s 
indicating  that  the  heart  was  more  sensitive  at  this  dose  level  than  wem 
many  of  the  other  tissues  (Fig.  2).  This  was  also  borne  out  by  recent  studic 
in  which  the  in  vitro  oxygen  consumption  response  of  heart  muscle  to  ji 
large  single  injection  of  thyroxine  in  thyroidectomized  rats  was  greate 


January,  t0o2  OXYGEN  CONSUMPTION  AND  HEART  RATE  OF  RATS  99 

than  that  of  skeletal  muscle,  diaphragm,  liver  and  kidney  (Barker  and 
Klitgaard,  1951).  , 

SUMMARY 

A  reliable,  simple  and  efficient  close-circuit  method  for  measuring  the 
oxygen  consumption  (Fig.  1)  and  an  electrocardiographic  method  for 
measuring  the  heart  rate  of  rats  were  described.  In  this  technique  the 
oxygen  consumption  and  heart  rate  could  be  measured  separately  or  si¬ 
multaneously.  The  reliability  of  the  method  was  indicated  by  the  agree¬ 
ment  found  between  the  results  of  control  tests  (Table  1)  and  the  values 
reported  in  the  literature,  the  reproducibility  by  the  reasonably  small 
coefficients  of  variation  (Table  1),  and  the  efficiency  l)y  its  successful  use 
in  several  studies  in  which  large  numbers  of  measurements  had  to  be  made 
daily  over  several  weeks  at  a  time  (Leblond  and  Grad,  1948;  Grad  and  Le- 
blond,  1950). 

Single  injections  of  subcutaneously  administered  thyroxine  in  graded 
dosage  from  15  to  100  mK-  produced  a  graded  response  in  the  oxygen  intake 
as  measured  in  this  apparatus,  indicating  its  possil)le  use  in  thyroxine 
bio-assay.  Under  these  conditions,  the  gradation  in  the  heart  rate  response 
was  less  steep,  but  at  the  15  ng.  level  was  more  sensitive  than  the  response 
of  the  oxygen  intake  (Fig.  2). 
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DIABETOGENIC  EFFECT  OF  GROWTH  HORMONE 
IN  THE  INTAC^T  FORC^E-FED  ADRENOCOR- 
TICOTROPHIN  TREATED  RAT* 

FRANK  L.  ENGEL.t  ALBERTO  VIAU,  WILLIAM  COGGINSJ 
AND  WILLIAM  S.  LYNN,  Jr. 

The  diabetogenic  effect  of  both  crude  anterior  pituitary  extract  and 
purified  growth  hormone  in  the  dog  and  cat  is  now  well  established. 
Originally  demonstrated  with  crude  anterior  pituitary  extract,  (Johns 
et.  al.,  1927,  Evans,  et  al.  1932,  Houssay,  1936,  Young  1937  and  Lukens 
and  Dohan  1942)  both  temporary  and  permanent  diabetes  have  now  also 
been  induced  in  dogs  and  cats  with  more  highly  purified  preparations  of 
growth  hormone  (Cotes,  Reid  and  Young,  1949;  Houssay  and  Anderson 
1949;  Campbell  et  al.,  1950a,  1950b).  As  has  been  emphasized  by  Young 
(1944),  diabetes  is  fairly  readily  precipitated  in  adult  animals  wereas  in 
immature  ones  enhanced  growth  is  the  usual  response  to  the  same  pitui¬ 
tary  preparations.  In  the  cat,  the  diabetogenic  effects  of  pituitary  extracts 
are  not  apparent  following  adrenalectomy,  but  may  be  restored  if  the  an¬ 
imals  are  maintained  on  a  constant  dose  of  adrenal  extract  which  itself 
does  not  induce  glycosuria  (Long  and  Lukens  1936).  Purified  growth  hor¬ 
mone  however,  is  diabetogenic  in  the  totally  hypophysectomized  dog 
(DeBodo,  Kurtz,  Ancowitz  and  Kiang,  1950).  Remarkably  small  amounts 
of  hormone  were  found  to  be  effective  in  the  latter  animals. 

In  contrast  to  the  ready  production  of  diabetes  in  the  above  species, 
has  been  the  remarkable  resistance  of  the  rat  to  the  diabetogenic  effects 
of  anterior  pituitary  extracts  or  of  growth  hormone,  even  though  the  rat 
is  quite  sensitive  to  the  other  metabolic  effects  of  growth  hormone.  Beyond 
a  mild  impairment  in  glucose  tolerance  noted  by  Milman  and  Russell 
(1950),  there  are  no  reports  of  growth  hormone  induced  hyperglycemia 
or  glycosuria  in  the  rat  with  an  intact  pancreas.  In  the  partially  depan- 
creatized  rat,  however,  both  temporary  and  permanent  diabetes  have  fol¬ 
lowed  treatment  with  relatively  large  amounts  of  APE  (Long,  Katzin  and 
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Fry,  1940)  and  the  glycosuria  of  alloxan  diabetic  rats  has  been  increased 
by  growth  hormone  treatment.  (Russell  1951).  Doses  in  excess  of  3  mg. 
per  100  gms.  per  day  were  necessary  to  produce  this  effect  in  the  latter 
experiments.  This  may  be  compared  with  the  dose  of  0.1  mg.  per  100  gms. 
found  to  be  effective  in  the  hypophysectomized  dog  by  DeBodo  et  aL, 
(1950).  As  in  the  cat,  Long,  Katzin  and  Fry  (1940)  found  that  APE  was 
not  diabetogenic  in  the  partially  depancreatized-adrenalectomized  rat, 
but  that  adrenal  extract  would  restore  the  diabetogenic  effects  of  APE. 

The  weak  diabetogenic  effect  of  growth  hormone  in  the  rat  in  turn  con- 
tra.sts  with  the  relatively  potent  effects  of  adrenal  steroids  (Ingle  et.  aL, 
1945)  and  ACTH  (Ingle,  Winter,  Li  and  Evans,  1945)  in  this  species. 
Bennett  and  co-workers  (1947,  1948a)  have  used  ACTH  and  growth  hor¬ 
mone  under  comparable  conditions  in  alloxan  diabetic  rats  and  found 
consistent  increases  in  glycosuria  with  the  former  but  not  with  the  latter. 

The  explanation  most  commonly  invoked  to  account  for  the  different 
response  of  the  rat  and  of  the  dog  and  cat  to  growth  hormone  is  that  the 
pancreas  of  the  latter  is  much  less  able  to  sustain  a  level  of  insulin  secretion 
adequate  to  counteract  the  diabetogenic  effect  of  growth  hormone,  the  is¬ 
lets  eventually  failing  and  undergoing  degenerative  changes.  The  facts 
that  permanent  diabetes  has  been  induced  in  the  cat  by  massive  glucose 
infusion  (Dohan  and  Lukens,  1948)  and  prevented  by  insulin  or  phlo- 
rhizin  in  the  APE  treated  cat  (Lukens  et  aL,  1942,  1943)  while  permanent 
diabetes  has  not  been  produced  in  the  rat  by  any  means  short  of  pancrea¬ 
tectomy  or  alloxan  treatment  lend  credence  to  such  an  interpretation.  The 
ability  of  the  islet  cells  of  the  pancreas  of  the  rat  to  undergo  hyperplasia 
in  response  to  hyperglycemia  is  well  established  (Lukens,  1950). 

However,  there  are  reasons  for  believing  that  this  factor  is  not  sufficient 
unto  itself  to  account  for  the  differences  between  the  rat  and  the  dog  and 
cat.  The  most  cogent  of  these  is  the  large  amount  of  APE  or  growth  hor¬ 
mone  required  to  enhance  the  diabetes  of  the  partially  depancreatized  or 
alloxanized  rat  (Long,  Katzin  and  Fry  1940,  Russell,  1951)  compared  to 
that  for  the  intact  or  hypophysectomized  dog  or  cat.  In  light  of  the  ap¬ 
parent  greater  sensitivity  of  the  rat  than  the  dog  or  cat  to  the  diabetogenic 
effects  of  adrenal  steroids  and  the  well  established  necessity  for  adrenal 
hormone  for  the  diabetogenic  response  to  APE  or  growth  hormone,  the 
possibility  suggests  itself  that  a  higher  level  of  adrenal  activity  may  be 
required  in  the  rat  to  bring  out  the  diabetogenic  effect  of  growth  hormone. 
The  relative  resistance  of  both  the  puppy  and  the  rat,  which  continues 
to  grow  all  its  life,  to  the  diabetogenic  effect  of  growth  hormone,  may  reflect 
a  relative  predominance  of  growth  hormone  activity  over  adrenal  activity 
while  the  reverse  may  be  true  in  the  adult  dog  and  cat.  As  suggested  by 
Young  (1951)  diabetes  may  result  from  growth  hormone  treatment  only 
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when  the  full  growth  response  to  the  hormone  cannot  be  achieved,  a  con¬ 
dition  which  is  full-filled  when  the  organism  is  subjected  to  overdosage 
with  ACTH  or  certain  adrenal  steroids. 

Support  for  this  concept  is  forthcoming  in  the  following  study  in  which 
it  was  found  that  force-fed  rats  regularly  developed  hyperglycemia  when 
treated  concurrently  with  ACTH  and  growth  hormone,  but  not  when  treat¬ 
ed  with  either  one  alone. 


METHODS  AND  MATERIALS 

Adult  male  and  female  rats  of  the  Vanderbilt  strain,  weighing  200-300  grams  at 
the  start  of  the  experiment  were  used.  Some  of  the  female  rats  had  previously  been  used 
for  breeding  purposes  and  were  used  with  the  thought  that  they  might  prove  more 
susceptible  to  diabetes.  The  animals  were  kept  in  metabolism  cages  in  an  air  conditioned 
room  at  28-29°  C.  Urine  was  collected  with  thymol  as  a  preservative  and  analysed 
for  glucose  by  the  method  of  Benedict  (1911).  The  animals  were  fed  by  tube  a  high 


RAT  NO.  6  9 


Fig.  1.  Production  of  glycosuria  by  force-feeding  a  normal  rat  with  a 
high  carbohydrate  liquid  diet. 
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Rat  no.  11  rf  RAT  NO.  14  rf 


DAYS  days 

Fig.  2,  Influence  of  variations  in  diet  volumes  on  the  glycosuria  of 
normal  force-fed  rats. 


carbohydrate  diet  (Ingle,  Prestrud,  Li  and  Evans  1947)  and  were  adapted  to  the  diet 
as  suggested  by  these  investigators.  This  diet  contained  0.50  gm.  of  carbohydrate,  0.13 
gm.  of  jirotein,  0.005  gm.  of  fat  and  2.57  cal.  in  each  milliliter  and  was  generally  ad¬ 
ministered  at  8:30  a.m.  and  5:30  p.m.  in  volumes  of  13  to  22  ml.  per  feeding.  With  the 
largest  diet  volumes,  an  additional  feeding  was  given  at  10  p.m.  Blood  sugar  levels  were 
determined  on  copper-tungstate  filtrates  by  the  method  of  Somogyi  (1945)  one  hour  after 
the  morning  tube  feeding.  The  rats  were  under  light  nembutal  anesthesia  when  blood  was 
taken  from  the  tail.  ACTH  and  growth  hormone  were  administered  subcutaneously  in 
equally  divided  doses  at  8  a.m.,  1  p.m.,  6  p.m.,  and  10  p.m.,  the  total  doses  in  each  case 
being  indicated  on  the  charts.  The  hormone  preparations  used  in  individual  experiments 
are  recorded  with  the  experiments. 

RESULTS 

Figures  1  and  2  present  control  data  on  the  effects  of  variations  in  total 
diet  and  rate  of  increasing  diet  on  the  tolerance  of  the  rats  to  carbohydrate. 
In  confirmation  of  the  report  of  Ingle  (1946),  it  was  found  that  glycosuria 
might  be  induced  in  normal  rats  by  either  over  feeding  or  too  rapid  in¬ 
crements  of  feeding  of  the  high  carbohydrate  diet.  In  rat  No.  6  (Fig.  1) 
massive  glycosuria  began  on  the  35th  day  after  rapid  increases  in  the  diet 
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brouglit  it  to  a  daily  volume  of  48  ml.  in  3  feedings  of  16  ml.  each,  or  a 
maximum  volume  of  11.3  ml.  per  100  grams.  In  rats  11  and  14  (Fig.  2) 
much  le.sser  degrees  of  glycosuria  developed  although  the  diet  volumes  per 
100  grams  were  greater.  Rat  No.  11  had  a  maximal  glycosuria  of  0.76 
grams  while  receiving  40  ml.  of  diet  or  14.5  ml.  per  100  grams  whereas  rat 
No.  14  showed  no  significant  glycosuria  until  the  last  day  when  he  excreted 
1.6  grams  on  a  diet  of  38  ml.  or  11.2  ml.  per  100  grams.  The  rat  died  ab¬ 
ruptly  at  this  time  with  no  apparent  expanation.  A  fourth  rat  (No.  15. 
female,  initial  weight  271  grams),  whose  data  are  not  charted,  w^as  studied 
over  45  days  while  receiving  increments  of  2  to  4  ml.  of  diet  every  5th  day 
after  the  9th  day  until  a  total  diet  volume  of  45  ml.  per  day  or  13.9  ml. 
per  100  gms.  was  given  on  the  42nd  day.  No  glycosuria  developed  until 
the  45th  day  when  she  excreted  1.8  grams  of  glucose.  A  fifth  rat  whose  diet 
was  increased  1  ml.  a  day  showed  mild  glycosuria  (0.1  to  0.4  gms.  per  24 
hours)  from  the  16th  to  21st  days  while  receiving  35  to  40  ml.  or  12.1 
to  14.1  ml.  diet  per  100  grams.  These  results  indicate  that  the  total  volume 
of  diet  and  the  rate  of  increasing  it  must  be  considered  in  the  interpretation 
of  glycosuria  in  rats  force-fed  a  high  carbohydrate  diet. 

RAT  NO.  4? _ 

j?400 11  BLOOD  SUGAR  1  HR.  p.c.  n  H  | 


URINE  GLUCOSE  /  24  HOURS 


DIET  VOLUME/ 100  GM. 


5  10  15  20  25  30  35  40  45  50  55 

DAYS 

Fig.  3.  Effect  of  combined  treatment  with  growth  hormone  and  ACTH  on  blood 
ami  urine  sugars  of  force-fed  rats.  Following  adaptation  to  diet,  the  total  volume  of 
diet  was  30  ml.  per  day  until  the  43rd  day.  Thereafter,  the  diet  volumes  were  maintained 
between  9.0-10.0  ml.  per  100  grams  per  day. 
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Figures  3,  4,  5,  6,  7  and  8  present  data  on  the  effects  of  ACTH  and 
growth  hormone  on  the  carbohydrate  tolerance  of  force-fed  rats.  Rat 
number  4,  a  female,  (Fig.  3)  weighed  about  300  grams  at  the  beginning  of 
the  experiment.  During  adaptation  to  tube  feeding  she  showed  some 
glycosuria  but  thereafter  while  receiving  30  ml.  of  diet  daily  had  no  signif¬ 
icant  glycosuria  during  two  weeks  of  observation  and  two  post-cibum 
blood  sugar  levels  were  122  and  115  mg.  per  cent.  There  was  an  irregular 
weight  gain  during  this  period.  Treatment  with  5  mg.  growth  hormone 
(Armour,  Lot  3PKR3)  was  begun  on  the  17th  day  and  continued  until  the 
53rd  day.  There  was  an  immediate  sharp  increase  in  the  rate  of  weight  gain 
which  was  sustained  until  the  27th  day  when  daily  treatment  with  8  mg.  of 
ACTH  (Armour  Lot  79R,  dosage  expressed  in  terms  of  the  Armour 
standard  LA-l-A)  was  begun.  The  weight  curve  leveled  off  while  on  ACTH 
and  growth  hormone  and  decreased  while  receiving  ACTH  alone.  On 
growth  hormone  alone  there  was  no  glycosuria,  but  a  post-cibim  bloodsugar 


Fig.  4.  Glucose  tolerance  curves  in  two  control  rats  receiving  9.0  and  10.5  ml.  diet 
per  100  grams  compared  to  those  of  rat  number  4  (Fig.  3).  The  middle  curve  from  rat 
number  4  was  made  when  the  animal  ivas  on  a  restricted  diet  and  exhibited  post-prandial 
hyperglycemia  but  no  glycosuria,  the  upper  curve  when  she  had  glycosuria  on  ACTH 
and  growth  hormone  and  the  lower  curve  when  the  animal  was  receiving  ACTH  but  no 
growth  hormone  and  was  exhibiting  no  glycosuria. 
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Fig.  5.  Effects  of  combined  treatment  witli  ACTH  and  growth  liormone.  Until  tlie 
4;ird  (lay  30  ml.  of  diet  iier  day  were  siven  and  from  days  43  to  57,  36  ml.  of  diet  ad¬ 
ministered.  Thereafter  the  diet  volume  was  kejit  at  9.0  ml.  per  100  siams  l>er  da\'. 


on  daj'  25  was  190  mg.  per  cent.  On  conihined  ACTII  and  growth  hormone 
treatment  likewise,  there  was  no  glycosuria  during  the  first  20  days  but 
post-cibum  blood  sugar  levels  of  400,  290  and  244  mg.  per  cent  were  re¬ 
corded.  During  this  whole  time,  the  diet  had  been  kept  fixed  at  80  ml.  per 
day.  In  terms  of  the  weight  gain  of  almost  100  grams,  this  repre.sente  1  a 
restriction  of  food  intake  compared  to  the  control  period.  The  diet  volume 
was  therefore  increased  to  correspond  to  the  control  period,  i.e.  9.5-10  ml. 
per  100  gms.  With  this  increase  in  diet  a  striking  glycosuria  and  hyper¬ 
glycemia  dev’eloped  which  persisted  as  long  as  combined  treatment  was 
used.  On  discontinuing  growth  hormone,  glycosuria  promptly  declined  to 
negligible  levels,  and  progre.s.sive  weight  loss  occurred.  Regrettably,  the 
rat  died  on  the  OOth  day  as  a  re.siilt  of  a  tube  feeding  accident. 

(ilucose  tolerance  curves  on  this  rat  and  on  controls  on  a  comparable 
diet  are  shown  in  fig.  4.  The  two  lower  curves  are  from  control  animals. 
The  middle  of  the  8  upper  curves  depicts  the  glucose  tolerance  of  rat  No.  4 
on  day  39  w'hile  receiving  both  ACTH  and  growth  hormone  and  exhibiting 
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Fio.  0.  Effects  of  combined  treatment  with  A('TH  and  }>;rowtli  liormone  in  a 
normal  force-fed  rat. 


liyperfrlycemia  hut  no  glycosuria.  It  shows  a  definitely  impaired  tolerance, 
hut  of  a  degree,  however,  which  is  (piite  compatible  with  the  al)sence  of 
glycosuria.  The  upper  curve,  done  on  day  .10,  when  the  rat  was  exhihiting 
glycosuria,  reveals  a  clearly  diabetic  curve.  The  lower  curve,  showing  only 
.slight  impairment  despite  a  larger  diet,  was  made  on  the  .18th  day  while  the 
animal  was  receiving  ACTH  hut  had  had  no  growth  hormone  for  .1  days. 
These  data  established  (piite  clearly  the  presence  of  diabetes  in  this  rat. 

Data  on  the  effects  of  ACTH  and  growth  hormone  on  glycosuria  which 
are  essentially  .similar  to  the  above  are  recorded  in  fig.  .1  (Rat  3).  This 
animal  was  treated  with  8  mg.  of  ACTH  (Lot  TOR)  beginning  on  the  17th 
day  and  on  the  33rd  day  injections  of  .1  mg.  of  growth  hormone  daily 
(Lot  3PKR3)  were  begun.  There  was  no  hyperglycemia  or  glyco.suria  while 
receiving  ACTH  and  again  hyperglycemia  without  glycosuria  during 
combined  ACTH  and  growth  hormone  treatment  on  a  fixed  diet  of  30  ml. 
However,  marked  hyperglycemia  and  glyco.suria  resulted  when  the  diet 
was  increased  to  30  ml.  or  8.0-8. 8  ml.  per  100  grams  daily.  When  ACTH 
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was  stopped  on  the  52nd  day,  glycosuria  decreased  for  3  days,  then  in¬ 
creased  sharply  to  5.0  grams  on  the  4th  day  and  then  abruptly  disappeared 
even  though  growth  hormone  treatment  was  continued.  Reinstituting 
ACTH  (Lot  H8512)  injections  at  a  dose  of  1.6  mg.  daily  caused  a  slight 
glycosuria  which  disappeared  when  growth  hormone  was  discontinued; 
treatment  with  3.2  mg.  of  ACTH  by  itself  was  not  associated  with  glyco¬ 
suria  but  when  5  mg.  of  growth  hormone  were  again  injected  marked  gly¬ 
cosuria  and  hyperglycemia  ensued.  With  a  fixed  dose  of  ACTH,  reduction 
in  growth  hormone  dosage  was  associated  with  corresponding  decreases 
in  glycosuria.  The  rat  died  on  the  87th  day  after  a  period  of  rapid  weight 
loss.  Except  for  the  terminal  weight  loss,  this  animal  gained  weight 
throughout  the  entire  experiment.  Weight  increments  while  receiving 
growth  hormone  with  or  without  ACTH  were  slightly  greater  than  when 
only  ACTH  was  being  given.  From  this  experiment,  it  would  appear  that 
there  is  a  minimal  level  of  ACTH  necessary  to  bring  out  the  diabetogenic 
effect  of  growth  hormone  and  that,  within  limits,  further  glycosuria  results 
from  increasing  the  growth  hormone  but  not  the  ACTH. 

The  data  on  a  third  doubly  treated  rat  (No.  10)  are  shown  in  Fig.  6. 
The  results  of  this  experiment  were  essentially  the  same  as  those  in  the 
previous  ones,  although  there  were  certain  differences.  This  animal  gained 
200  grams  during  the  experiment,  and  exhibited  glyco.suria  on  the  smallest 
diet  of  any  studied,  i.e.  26  to  34  ml.  or  6.4  to  8.0  ml.  per  100  gms.  daily, 
an  intake  which  is  well  out  of  the  range  which  could  account  for  the  glyco¬ 
.suria  as  a  result  of  over  feeding.  Further  more,  the  dosage  of  hormones  was 
less  than  used  previously  i.e.  3  mg.  of  ACTH  and  4.0  mg.  of  growth  hor¬ 
mone  daily.  It  is  also  of  interest  that  this  rat  showed  transient  glyco.suria 
from  the  25th  to  the  28th  days  while  receiving  growth  hormone  alone 
(Lot  J21609R).  According  to  the  manufacturers  this  lot  was  free  of  ACTH. 
One  other  animal,  rat  No.  9,  Fig.  7,  also  developed  hyperglycemia  and  gly¬ 
co.suria  while  receiving  this  same  lot  of  growth  hormone.  However,  this 
latter  animal  had  a  rather  severe  respiratory  infection  during  this  period 
and  had  greatly  enlarged  adrenals  at  autopsy  (Table  1).  Regrettably,  no 
more  of  this  lot  of  growth  hormone  was  available  .so  that  is  was  not  possible 
to  investigate  its  diabetogenic  properties  further.  When  another  lot  (GH3) 
was  used  in  rat  No.  10,  glycosuria  and  hyperglycemia  resulted  only  on 
combined  treatment  with  ACTH.  GH3,  according  to  the  manufacturers, 
assayed  only  20  per  cent  of  the  potency  of  the  Armour  growth  hormone 
standard.  Hence  20  mg.  of  this  preparation  were  injected  in  order  to 
supply  4  mg.  of  growth  hormone.  This  animal  also  gained  weight  more 
rapidly  when  receiving  growth  hormone,  with  the  most  rapid  increments 
occurring  when  growth  hormone  alone  was  given  and  an  actual  loss  of 
weight  when  ACTH  alone  was  injected. 
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Table  1 


Rat 

Treatment 

Body  weight  gms.  | 

Organ  weights  gms.  per  100  gm.  B.  W. 

No. 

Initial  | 

Final  | 

AdrenaUj 

Liver 

Pancreas! 

Heart  | 

Kidneys  i 

Spleen  | 

Comments 

6 

Diet  42  days  | 

275 

447  1 

0.0135  1 

- 

-  1 

-  1 

—  1 

14 

Diet  29  days 

255 

339  1 

0.0165  1 

3.91 

0.518  1 

-  1 

0.545 

0.265  1 

15 

Diet  45  days 

271 

342 

0.0264  1 

6.50 

0.73 

0.660  I 

0.075 

4 

Diet  60  days 
GH  34  days 

ACTH  33  days 

310 

400 

i 

0.0457 

1 

- 

- 

- 

3 

Diet  87  days 
GH  50  days 

ACTH  62  days 

300 

445 

1 

0.0280 

1 

6.00 

0.590 

0.63 

0.7.55 

0.400 

10 

Diet  76  days 
GH  46  days 

ACTH  38  days 

300 

1 

48$ 

0.0195 

5.90 

0.512 

0.43 

0.595 

0.143 

2 

Diet  89  days 
GH  39  days 

ACTH  44  days 

293 

450 

0.0416 

7.32 

- 

- 

0.398 

0 

Diet  27  days 
GH  13  days 

252 

j  319 

0.0319 

6.90 

0.690 

— 

0.925 

0.690 

1  Respiratory 

1  Infection 

13 

Diet  36  days 
.ACTH  23  days 

264 

368 

0.0275 

6.10 

— 

1  0.46 

0.680 

'  0.490 

1 

RAT.  NO.  9  ^ 


Fig.  7;  Temporary  glycosuria  during  growth  hormone  treatment  in  a  force-fed  rat  who 
developed  a  severe,  fatal  respiratory  infection. 
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In  Figure  8  results  are  shown  which  are  of  significance  l)ecause  of  the 
fact  that  a  more  highly  purified  sample  of  growth  hormone  obtained  from 
Dr.  A.  E.  Wilhelmi  was  used.  In  this  experiment,  the  animal  which  was 
fed  2fi  ml.  of  diet  throughout,  showed  only  slight  glycosuria  on  8  mg.  of 
ACTH  daily,  and  brisk  glycosuria  when  5  mg.  of  growth  hormone  were 
administered  for  5  days  with  the  ACTII.  The  glycosuria  promptly  dis- 


DIABETES  PRODUCED  BY  ACTH  AND  GROWTH  HORMONE 
IN  NORMAL  TUBE-  FED  RAT. 


DAYS 


Fig.  8.  Temporary  hyperglycemia,  glycosuria  and  depression  of  acetylation  of  para- 
aminohenzoic  acid  during  combined  treatment  with  ACTH  and  a  highly  purified  sample 
of  growth  hormone. 

appeared  on  discontinuing  the  growth  hormone.  Of  added  interest  is  the 
fact  that  the  per  cent  acetylation  of  an  injected  dose  of  para-aminobenzoic 
acid  was  sharply  decreased  when  the  glycosuria  developed.  Charalampous 
and  Hegsted  (1949)  have  reported  that  alloxan  diabetic  rats  show  an  im¬ 
paired  ability  to  acetylate  para-aminobenzoic  acid.  We  have  confirmed 
these  results  and  have  in  addition  found  that  neither  ACTH  nor  growth 
hormone  treatment  influences  acetylation  except  as  in  this  rat,  when  dia¬ 
betes  results.  These  studies  will  be  reported  elsewhere. 
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An  additional  rat  (No.  2),  whose  data  are  not  charted,  wa.s  studied  for 
89  days.  For  the  first  30  days  the  rat,  whose  initial  weight  was  293  grams, 
received  26  ml.  of  diet  and  showed  no  significant  glycosuria  during  a  12  day 
period  of  receiving  8  mg.  of  ACTII,  during  4  days  of  which  it  also  re¬ 
ceived  5  mg.  of  growth  hormone.  During  this  period,  the  rat  gained  little 
or  no  weiglit  so  that  diet  was  increased  over  the  course  of  a  week  to  36  ml. 
No  glycosuria  occurred  on  tliis  diet  between  the  39th  and  ooth  day  al¬ 
though  8  mg.  of  ACTH  daily  w'as  begun  on  the  42nd  day.  Growth  hormone 
was  again  started  on  tlie  o3rd  day  and  continued  until  the  88th  day  .ACTH 
being  discontinued  on  the  71st  day.  During  the  18  days  of  combined  treat¬ 
ment,  glycosuria  ranged  between  0.8  and  2.8  grams  daily.  Glycosuria  de¬ 
clined  to  O.o  grams  or  less  after  .\CTH  was  stopped,  but  1  hour  post-ciburn 
blood  sugar  levels  of  375,  290  and  225  mg.  per  cent  were  recorded.  Rapid 
weight  gains  were  recorded  after  growth  hormone  was  begun,  the  final 
weight  being  450  grams.  These  results  are  quite  comparable  to  those  de¬ 
scribed  in  figure  3,  rat  No.  4. 

Gross  findings  at  autopsy  in  9  of  the  rats  examined  are  recorded  in 
Table  1.  It  will  be  noted  that  the  adrenals  and  livers  of  all  the  hormone- 
treated  animals  and  tlie  control  rat  longest  on  diet  alone  (Rat  No.  15) 
were  consideral)ly  enlarged.  Gro.ssly  and  microscopically,  the  enlarged 
livers  showed  marked  fatty  infiltration.  The  fact  that  hepatic  enlargement 
and  fatty  infiltration  were  as  apparent  in  one  control  rat  (No.  15)  after 
60  days  as  in  the  hormone-treated  rats,  suggests  that  the  high  carbohy¬ 
drate  diet  may  not  have  been  adequate  from  a  nutritional  standpoint  for 
long-term  use.  No  other  organs  showed  consistent  trends  in  weight.  Micro¬ 
scopic  study  of  most  organs  was  unsatisfactory  because  of  autolysis,  the 
animals  usually  dying  at  night. 


DISCUSSION' 

From  the  above  results  it  is  apparent  that  under  these  experimental 
conditions  combined  treatment  with  ACTII  and  growth  hormone  may  re¬ 
sult  in  significant  hyperglycemia  and  glycosuria  in  the  intact  rat  whereas 
only  minor  and  irregular  glycosuria  results  from  treatment  with  either  hor¬ 
mone  alone.  .Although  some  hormone-treated  rats  (No.  1  and  10)  exhibited 
these  changes  on  modest  diets,  it  is  interesting  that  varying  degrees  of 
over  feeding  were  necessary  in  most  cases  before  substantial  glycosuria  was 
established.  In  all  cases,  however,  the  diet  volumes  were  well  below  those 
which  were  associated  with  glycosuria  in  control  force-fed  rats.  In  no  case 
did  glycosuria  persist  after  withdrawing  hormone  treatment.  One  rat,  al¬ 
lowed  to  eat  ad  libitum  and  treated  with  both  hormones  for  a  period  of 
7  days  showed  no  hyperglycemia  or  glycosuria.  Limitations  in  supply  of 
hormone  precluded  further  studies  along  these  lines. 
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Although  it  is  hazardous  to  attempt  to  compare  results  with  different 
lots  of  hormone  in  different  strains  of  rats  not  under  comparable  experi¬ 
mental  conditions,  it  is  interesting  to  note  that  the  doses  of  growth  hor¬ 
mone  which  were  diabetogenic  in  these  experiments  were  somewhat  less 
than  those  found  effective  by  Russell  (1951)  in  increasing  the  glycosuria 
of  alloxan  diabetic  rats.  This  investigator  found  that  3-5  mg.  per  100 
grams  of  an  electrophoretically  homogeneous  preparation  of  growth  hor¬ 
mone  were  necessary,  1-2  fng.  per  100  grams  being  ineffectual.  In  our 
study  less  than  1  mg.  per  100  grams  proved  effective  in  rats  3  and  10 
(Fig.  5  and  7)  while  rats  2  and  4  (Fig.  3)  showed  glycosuria  when  receiving 
only  slightly  more  than  1  mg.  per  100  grams.  The  apparent  greater  sensi¬ 
tivity  of  the  rat  to  the  diabetogenic  effect  of  growth  hormone  in  the  pre.s- 
ence  of  adrenal  over-activity  than  in  the  presence  of  insulin  deficiency  is 
of  considerable  significance  if  it  can  be  confirmed  under  comparable  ex¬ 
perimental  conditions.  It  would  add  further  support  to  that  derived  from 
the  data  already  presented,  that  the  pancreas  is  not  the  only  limiting  fac¬ 
tor  in  determining  the  resistance  of  the  rat  to  the  diabetogenic  effect  of 
growth  hormone.  Studies  are  now  in  progress  to  determine  the  sensitivity 
of  the  alloxan  diabetic  rat  to  growth  hormone  and  ACTH  under  conditions 
comparable  to  those  used  here. 

The  apparent  synergism  between  ACTH  and  growth  hormone  found  in 
these  experiments  does  not,  of  course,  represent  a  new  phenomenon.  First 
emphasized  by  Russell  (1940),  it  has  been  shown  by  a  number  of  investi¬ 
gators  in  different  ways  that  some  adrenal  hormone  is  necessary  for  the 
full  effects  of  APE  or  growth  hormone  on  carbohydrate  metabolism.  Par¬ 
ticularly  pertinent  are  the  findings  of  Long,  Katzin  and  Fry  (1940)  and 
Long  and  Lukens  (1936)  that  APE  would  not  sustain  diabetes  in  the  ad- 
renalectomized  depancreatized  animal  unless  adrenal  hormone  was  pres¬ 
ent.  Park  and  Krahl  (1949)  have  reported  that  growth  hormone  would 
not  influence  glucose  uptake  by  the  isolated  diaphragm  of  the  hypophy- 
sectomized-adrenalectomized  rat  in  vitro  unless  a  small  amount  of  adrenal 
cortical  extract  were  present,  an  amount  which  itself  did  not  modify  glu¬ 
cose  uptake. 

The  mechanism  by  which  ACTH  brings  out  the  diabetogenic  effect  of 
growth  hormone  is  not  immediately  obvious.  However,  this  finding  is  not 
inconsistent  with  the  sugge.stion  of  Young  (1951)  that  growth  hormone  is 
diabetogenic  only  under  those  circumstances  in  which  the  organism  is  un¬ 
able  to  respond  fully  to  the  growth  promoting  effects  of  the  hormone. 
Thus  the  adult  dog  and  cat  develop  diabetes  following  growth  hormone 
treatment,  while  the  rat,  which  continues  to  grow  all  its  life,  the  puppy 
and  kitten,  and  the  pregnant  or  lactating  cat  or  dog  do  not.  In  the  latter 
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case  of  the  pregnant  or  lactating  animals,  there  is  in  each  case  a  ready  site 
for  accelerated  protein  anabolism,  the  response  being  large  foetuses  and 
increased  milk  production  respectively.  Since  the  adrenal  cortex  and 
growth  hormone  exhibit  antagonistic  influences  on  protein  metabolism  and 
growth  (Marx,  Simpson  and  Evans,  1943),  the  diabetogenic  response  to 
growth  hormone  in  the  ACTH  treated  rat  may  be  related  to  the  inhibitory 
effect  of  ACTH  on  growth,  the  animal  no  longer  being  able  to  respond 
fully  to  the  growth  promoting  effect  of  growth  hormone.  Inspection  of  the 
weight  curves  in  the  above  experiments  lends  some  support  for  this  pro¬ 
posed  mechanism.  Studies  on  the  effects  of  other  growth  inhibiting  factors 
on  the  response  of  the  rat  to  growdh  hormone  are  being  investigated  in 
this  laboratory. 

The  failure  to  observe  permanent  diabetes  in  the  rat  after  combined 
ACTH  and  growth  hormone  treatment  contrasts  wdth  experiences  with 
growth  hormone  in  the  dog  and  cat.  It  would  appear  most  likely  that  the 
pancreas  is  the  critical  factor  in  this  failure  of  the  rat  to  develop  perma¬ 
nent  diabetes  since  the  partially  depancreatized  rat  treated  w  ith  APE  may 
do  so  (Long,  Katzin  and  Fry).  The  adrenal  cortex,  on  the  other  hand, 
seems  to  be  of  greater  importance  in  the  initial  resistance  of  the  rat  to  the 
diabetogenic  effect  of  growth  hormone. 

SUMMARY 

Adult  male  and  female  rats  force-fed  a  high  carbohydrate  liquid  diet 
consistently  developed  hyperglycemia  and  glycosuria  while  receiving  both 
ACTH  and  anterior  pituitary  growth  hormone.  No  or  inconstant  glyco¬ 
suria  resulted  on  treatment  with  either  hormone  alone  unless  excessive 
diet  volumes  were  fed.  In  one  rat  on  a  fixed  dose  of  ACTH,  glycosuria  ap¬ 
peared  to  vary  directly  with  the  dose  of  growth  hormone,  whereas  the  re¬ 
verse  did  not  appear  to  be  true.  The  significance  of  these  results  is  discussed 
with  regard  to  the  comparative  roles  of  the  pancreas,  adrenal  cortex  and 
the  capacity  for  growth  in  determining  the  diabetogenic  effect  of  growth 
hormone  in  the  rat.  It  is  suggested  that  a  level  of  adrenal  activity  high 
enough  to  prevent  the  full  expression  of  the  growth  response  to  growth 
hormone  may  be  necessary  before  a  diabetogenic  effect  of  growth  hormone 
becomes  apparent,  while  the  high  functional  reserve  of  the  pancreas  may 
be  responsible  for  the  failure  to  develop  permanent  diabetes. 
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MYXEDEMA  IN  THE  RADIOTHYROIDECTOMIZED 

DOG' 

R.  C.  GOLDBERG^  and  I.  L.  CHAIKOFF 
From  the  Division  of  Physiology  of  the  University  of  California 
School  of  Medicine,  Berkeley 

IN  1934  Trendelenburg,  reviewing  the  early  literature,  stated  that  thy¬ 
roidectomy  in  the  dog  results  in  a  pronounced  inhibition  of  skeletal 
growth  in  addition  to  other  changes.  In  recent  years,  however,  several  re¬ 
ports  have  appeared  (Danowski,  Man  and  Winkler,  1946;  Glock,  1949; 
Binswanger,  1936)  indicating  that  the  usual  manifestations  of  hypothy¬ 
roidism  do  not  develop  in  dogs  in  which  thyroid  deficiency  is  induced  either 
by  surgical  excision  of  the  gland  or  by  thiouracil  administration.  Even 
though  Glock  found  an  increased  serum  cholesterol  as  well  as  histological 
alterations  in  the  thyroid  and  anterior  hypophysis  of  thiouracil-treated 
dogs,  she  did  not  observe  behavioral  or  myxedematous  changes,  growth  im¬ 
pairment  (puppies),  or  marked  decline  in  metabolic  rate. 

A  striking  study  is  that  of  Mayer  (1947)  who  concluded  “that  beagles, 
and  probably  most  dogs,  do  not  need  the  thyroid  function  under  ordinary 
conditions.”  After  administering  propylthiouracil  to  pure-bred  beagle  pup¬ 
pies,  he  failed  to  observe  any  impairment  in  growth  rate  or  bone  matura¬ 
tion;  moreover,  he  found  no  alterations  in  stature,  proportions,  hair,  mu¬ 
cous  membrane,  or  general  behavior  suggestive  of  thyroid  deficiency. 

That  metabolic  defects  do  develop  in  the  hypothyroid  dog  is,  however, 
well  established.  Thus,  an  increase  in  circulating  cholesterol  was  observed, 
in  surgically  thyroidectomized  dogs,  by  Chaikoff  et  al.  (1941)  and  by 
Thompson  and  Long  (1941),  and  in  goitrogen-treated  dogs  by  Glock 
(1949).  An  increase  in  the  lipid  content  of  the  liver  was  also  found  in  long¬ 
standing  thyroid  deficiency  (Entenman,  et  al.,  1948;  Chaikoff,  et  al.,  1948). 

The  present  report  deals  with  the  pathology  of  canine  athyreosis.  Thy¬ 
roidectomy  was  induced  by  the  internal  ionizing  radiation  of  a  pro¬ 
cedure  previously  used  in  this  laboratory  to  effect  total  thyroidectomy  in 
newborn  rats  (Goldberg  and  Chaikoff,  1949),  in  adult  rats  (Goldberg  et  al., 
1950;  Goldberg  and  Chaikoff,  1950)  and  in  mice  (Goldberg  and  Chaikoff, 
1951).  This  procedure  has  certain  advantages  over  surgical  thyroidectomy 
because  all  thyroid  tissue,  including  abberant  tissue,  can  be  destroyed. 

Received  for  publication  August  30,  1951. 
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Furthermore,  this  is  accomplished  without  parathyroid  destruction  or  im¬ 
pairment.  Our  results  show  that  a  condition  resembling  human  myxedema 
develops  in  mongrel  dogs  when  the  thyroid  gland  is  completely  destroyed. 

EXPERIMENTAL 

Twelve  a<lult,  male,  mongrel  dogs  were  injected  with  carrier-free  I‘*‘  (Table  1).  Three 
received  a  single  intraperitoneal  injection  of  0.2  to  0.5  millicuries  per  kg.,  and  were 
sacrificed  2  months  later.  Two  dogs  received  2  injections,  each  consisting  of  1.0  millicurie 
of  I'”  per  kg.;  an  interval  of  2  months  was  allowed  to  elapse  between  injections.  One  of 
these  dogs  was  sacrificed  1  month,  and  the  other,  2  months  after  the  last  injection.  Seven 
dogs  received  3  injections  of  1  millicurie  per  kg.,  vv'ith  intervals  of  2  months  between  each 
injection;  the.se  animals  were  sacrificed  at  intervals  up  to  1  year  after  the  last  injection 
(Table  1).  All  dogs  were  fed  Purina  chow  except  during  short  periods  when  the  effects 
of  raw  meat  on  myxedema  w'ere  studied. 


Table  1.  Effect  of  I‘*'  on  dog  thyroid 


P”  injected 

Time 

between  last 
injection  and 
sacrifice 

Dog 

number 

Millicuries 
per  kg.  body 
wt.  per 
injection 

Number  of 
injections* 

Residual 

thyroid 

tissue 

1 

0.2 

1 

months 

2 

+ 

2 

1 

2 

+ 

3 

1 

2 

4 

1.0 

2 

1 

+ 

5 

1.0 

2 

2 

None 

6 

1.0 

3 

2 

None 

7 

1 .0 

3 

5 

None 

8 

1.0 

3 

12 

4- 

9 

1.0 

3 

12 

"h 

1.0 

3 

12 

None 

11 

1 .0 

3 

12 

None 

12 

1.0 

3 

12 

None 

•  An  interval  of  2  months  between  injections. 


The  dogs  were  anesthetized  by  an  intravenous  injection  of  sodium  pentobarbital,  and 
exsanguinated.  The  pituitary  glands  were  fixed  in  sublimate-formal,  and  stained  by 
differential  methods  described  el-sewhere  (Goldberg  and  Chaikoff,  1952).  The  thyroid 
glands,  the  portion  of  the  trachea  adjacent  the  thyroids,  cervical  and  mesenteric  lymph 
nodes,  adrenals,  and  representative  portions  of  the  liver,  kidney,  stomach,  small  in¬ 
testine,  lungs,  pancreas,  heart,  and  spleen,  were  fixed  in  10  per  cent  formalin,  and  stained 
with  hematoxylin-eosin  and  Masson’s  trichrome  stain.  Thyroid  gland  remnants  and 
other  suspicious  nodular  tissue  found  in  the  cervical  region  from  the  base  of  the  tongue 
to  the  mediastinum  (ventral  to  the  prevertebral  fascia)  w'as  serially  sectioned,  stained 
with  hematoxylin-eosin,  and  examined.  Frozen  sections  of  the  liver  and  adrenals  were 
stained  by  Lillie’s  hematoxylin-oil  red  0  technique.  Portions  of  the  skin  were  fixed  in 
formol-alcohol,  and  sections  were  stained  with  hematoxylin-eosin,  toluidin  blue,  and  the 
colloidal  iron  method  of  Hale  (1946).  Best’s  carmine  and  the  periodic  acid-Schiff  methods 
were  used  for  gb'cogen  demonstration. 
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Chemical  analysis  of  the  liver  for  total  fatty  acids  was  carried  out  by  a  method  de¬ 
scribed  elsewhere  (Chaikoff  and  Kaplan,  1934). 

RESULTS 

Despite  the  large  doses  of  employed,  only  6  dogs  were  found  to  be 
totally  thyroidectomized  (Table  1).  Serial  sections  of  the  thyroid  remnants 
found  in  the  other  six  dogs  (1-4,  8  and  9)  revealed  various  amounts  of  ap¬ 
parently  viable  thyroid  tissue.  This  viable  tissue  was  located  at  the  poles 
and  periphery  of  the  glands,  the  central  areas  being  composed  of  a  core  of 
dense,  hyalinized,  fibrous  tissue  which  contained  abundant  yellow  pig¬ 
ment  granules,  occasional  fibroblasts  and  macrophages,  and  thrombosed 
vascular  channels.  The  thyroid  epithelium  appeared  active  as  judged  by 
acinar  cell  height,  colloid  content,  and  high  vascularity  (Figs.  1  and  2). 

The  following  report  deals  primarily  with  the  dogs  totally  thyroidecto¬ 
mized  by  the  P®^  (dogs  5-7  and  10-12). 

Skin — Dogs  10  and  11  were  sacrificed -one  year  after  the  last  injection 
and,  at  that  time,  were  sluggish  and  obviously  myxedematous  (Fig.  3). 
The  skin,  particularly  that  of  the  neck  and  legs,  was  puffy  and  folded.  The 
hair  had  become  wiry,  coarse,  and  sparse. 

Microscopic  examination  of  skin  removed  from  all  totally  thyroidecto¬ 
mized  dogs  revealed  the  presence  of  high  concentrations  of  a  mucopoly¬ 
saccharide-like  substance  (Hale’s  colloidal  iron  technique  and  toluidine 
blue  stain).  This  substance  was  removed  from  the  sections  by  incubation 
in  purified  hyaluronidase.  Hyperkeratosis  of  the  epidermis,  hyperkeratotic 
plugging  of  hair  follicles  and  ducts,  and  epidermal  atrophy  were  also  found 
in  the  skin  of  the  totally  thyroidectomized  dogs. 

Blood — Examination  of  blood  of  dogs  10-12  revealed  a  20-30  per  cent 
reduction  in  red  blood  count,  the  cells  appearing  hypochromic;  the  marrow 
was  not  examined.  (No  alteration  in  the  hematologic  picture  was  noted  in 
dogs  8  and  9  which  were  incompletely  thyroidectomized.) 

Liver — Hepatic  fatty  change  was  observed  in  all  6  dogs.  In  Dog  5,  sacri¬ 
ficed  2  months  after  the  third  injection  of  P®b  the  liver  showed  an  increased 
lipid  content,  particularly  in  the  peri-portal  region.  The  fat  appeared  as 
numerous  small  droplets  within  the  cytoplasm. 

In  Dog  7,  sacrificed  5  months  after  the  last  injection  of  radioiodine,  the 
entire  liver  was  involved  in  a  massive  fatty  change.  The  parenchymal  cells 
were  distended  with  large,  single,  fat  globules  (Fig.  4).  This  liver  was  ana¬ 
lyzed  chemically  and  found  to  contain  35  per  cent  total  fatty  acids. 

The  livers  of  two  totally  thyroidectomized  dogs  (10  and  11)  sacrificed 
1  year  after  the  last  radioiodine  injection  not  only  had  a  high  lipid  content, 
but  were  also  rich  in  glycogen.  The  liver  cells  were  swollen,  and  filled  with 
a  substance  positive  to  Best  carmine  (Fig.  5)  and  to  the  Schiff  reaction. 
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This  substance,  which  was  removed  by  ptyalin  digestion  (1  hour  at  37.5°) 
(Fig.  6),  was  pre.sumably  gjycogen.  Lipid  in  the  form  of  small  globules  was 
found  in  practically  all  cells.  The  liver  of  Dog  12  was  quite  fatty  (20  per 
cent  total  fatty  acids),  and  contained  but  a  small  amount  of  stainable  liver 
glycogen  (Fig.  7). 

Parathyroid — No  pathological  alterations  were  noted  in  the  parathy¬ 
roids  (Fig.  8)  other  than  a  slight  increase  in  capsular  and  stromal  fibrous 
tissue.  Tetany  was  not  observ'ed  at  any  time  in  the  F’^-treated  dogs.  Tracheal 
changes  were  minimal,  i.e.,  some  squamous  metaplasia  of  the  lining 
epithelium,  submucosal  glandular  loss  and  scarring,  and  minor  car¬ 
tilaginous  alterations. 

Gastrointestinal  Tract  and  Other  Tissues — Dogs  10,  11,  and  12  showed 
slight  atrophy  of  the  gastric  epithelium,  a  marked  depression  in  mitotic  ac¬ 
tivity  in  the  intestinal  mucosa,  involution  of  cervical  and  mesenteric  lymph 
nodes,  and  mucoid  degeneration  of  cardiac,  skeletal,  and  smooth  muscle 
(gastrointestinal).  Chronic  interstitial  nephritis  was  noted  in  two  dogs,  but 
this  is  of  relatively  frequent  occurrence  in  the  kidneys  of  our  normal  dogs. 
No  pathological  alterations  were  noted  in  the  adrenals,  lungs,  or  pancreas. 

Pituitary  Gland — Microscopic  examination  of  the  anterior  pituitary 
glands  of  all  12  dogs  revealed  marked  cytological  changes.  The  glands  were 
characterized  by  great  numbers  of  extremely  large  cells  (Fig.  9)  contain¬ 
ing  hypertrophied,  round  nuclei  with  1  or  2  fuchsinophilic,  hypertrophied 
nucleoli.  The  cytoplasm  of  these  large  cells  was  filled  with  granules  that 
stained  positive  to  aniline  blue  and  negative  to  the  periodic  acid-Schiff 
test  and  Gomori’s  aldehyde-fuchsin.  Many  of  these  cells  (so-called  thy-^ 
roidectomy  cells)  contained  numerous  small  to  large,  single,  “hyaline”  ''' 
vacuoles  (Fig.  10). 

The  origin  of  these  large  cells  has  not  been  ascertained  with  certainty, 
although  they  probably  arise  from  beta  cells.  Thej'  were  found  in  greatest 
numbers  in  the  antero-median  portion  of  the  gland,  the  locus  of  greatest 
concentration  of  the  beta,  delta,  and  zeta  cells  (Goldberg  and  Chaikoff, 
1952).  Very  little  aldehyde-fuchsin  positive  material  was  noted  in  these 
glands. 

Although  little  or  no  change  w'as  observed  in  the  percentage  or  mor¬ 
phology  of  the  alpha  and  epsilon  cells  in  the  incompletely  thyroidecto- 
mized  dogs,  there  was  a  clear  change  in  the  alpha  cells  of  the  pituitaries 
from  the  totally  thyroidectomized  dogs.  These  cells  were  almost  completely 
degranulated,  the  rare  granulated  alpha  cell  containing  only  pale-staining, 
sparse  material.  The  epsilon  cells,  on  the  other  hand,  were  well  filled  with 
fuch.sinophilic  granules  (Fig.  10).  Quantitative  estimations  of  the  relative 
percentages  of  cells  were  not  carried  out. 
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Fig.  9.  Anterior  pituitary  of  dog  sacrificed  one  year  after  radioiodine  treatment. 
Residual  thyroid  tissue  was  found  in  this  animal  (Fig.  2).  A  nest  of  hypertrophied  baso¬ 
philic  cells  (presumably  beta  cells)  is  shown  in  the  center  (gray  in  photograph).  Note  the 
well  granulated  alpha  and  epsilon  cells  (black  in  photograph).  Martins;  X500. 

Fig.  10.  Anterior  pituitary  of  totally  thyroidectomized  dog  sacrificed  one  year  after 
radioiodine  treatment.  Note  vacuolated,  hypertrophied  “thyroidectomy  cells.”  The  3 
black  cells  are  epsilon  cells.  The  alpha  cells  are  degranulated.  Martins;  X500. 


DISCUSSION 

The  conclu.sion  that  thyroid  function  is  of  no  importance  to  the  dog  is 
not  borne  out  by  the  results  reported  here.  The  obvious  sequelae  of  acute 
hypothyroidism  observed  in  man  and  other  species — myxedema  and  be¬ 
havioral  changes — were  evident  in  our  dogs  lacking  thyroid  function.  In 
addition,  pathologic  alterations  in  blood,  gastrointestinal  tract,  liver, 
muscle,  lymphoid  tissue,  and  particularly  in  the  pituitary  gland,  clearly 
reflect  the  total  lack  of  thyroxine  in  the  dog. 

The  dog  may  require  only  minute  amounts  of  the  thyroid  hormone  for 
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the  maintenance  of  an  apparently  normal  state.  We  have  observed  that 
when  radio-thyroidectomized  dogs  are  fed  a  meat-free  but  adequate  diet, 
the  physical  symptoms  of  hypothyroidism  are  exaggerated,  whereas  when 
raw  meat  is  fed,  the  myxedematous  manifestations  are  diminished.  It  is 
possible  that  the  small  amounts  of  thyroxine  contained  in  the  meat  allevi¬ 
ate  some  of  the  myxedematous  changes.  Griesbach  and  Purves  (1943)  have 
observed  a  somewhat  similar  phenomenon  in  anterior  pituitary  of  thyroid- 
ectomized  rats.  Thus,  complete  alpha  cell  degranulation  occurs  in  the  pi- 
tuitaries  of  thyroidectomized  rats  maintained  on  a  meat-free  diet;  but 
when  these  rats  are  fed  a  diet  containing  meat  meal,  the  alpha  cells  remain 
granulated.  These  investigators  attribute  this  effect  to  the  small  amounts 
of  thyroxine  in  the  meat  meal.® 

The  vacuolated,  hypertrophied  cell  (the  so-called  thyroidectomy  cell) 
has  been  observed  in  the  anterior  pituitary  of  completely  and  incompletely 
thyroidectomized  dogs.  However,  in  those  shown  to  be  completely  de¬ 
prived  of  thyroid  tissue,  the  alpha  cells  were,  in  addition,  degranulated. 
The  epsilon  cells,  on  the  other  hand,  were  apparently  unaffected.  The  fail¬ 
ure  of  previous  investigators  to  find  alpha  cell  degranulation  in  dogs  may 
be  ascribed  either  to  incomplete  thyroidectomy  or  inability  to  distinguish 
between  alpha  and  epsilon  cells,  both  of  which  were  termed  acidophils  with 
the  older  staining  methods. 


SUMMARY 

1.  Twelve  dogs  were  injected  with  various  doses  of  P®^  and  sacrificed  at 
intervals  of  1  to  12  months  later.  In  6  of  these  dogs,  all  thyroid  tissue  had 
been  destroyed  by  the  ionizing  radiation. 

2.  Myxedema  and  behavioral  changes  characteristic  of  hypothyroidism 
were  observed  in  2  of  the  3  completely  thyroidectomized  dogs  kept  for  one 
year  after  the  injection. 

3.  The  following  other  changes  were  observed  in  completely  thyroidec¬ 
tomized  dogs;  an  increase  in  the  acid  polysaccharide  content  of  skin;  hy¬ 
perkeratosis  and  epidermal  atrophy  of  skin;  anemia;  increased  liver  fat; 
muscle  degeneration;  lymph  node  involution;  and  atrophy  of  gastrointes¬ 
tinal  tract. 

4.  “Thyroidectomy  cells”  were  found  in  the  anterior  pituitary  of  both 
subtotally  and  totally  thyroidectomized  dogs.  Alpha  cell  degranulation 
was  found  in  only  the  totally  thyroidectomized  animal. 

5.  Radiation  damage  to  the  parathyroids  and  trachea  was  insignificant 
in  all  P®‘-treated  dogs. 

®  0.05  to  0.10  y  thyroxine  per  100  gm.  body  weight  per  day  will  effectively  prevent 
total  alpha  cell  degranulation  in  the  thyroi<lectonuzed  rat. 
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TRANSIENT  OXYTOXIC  DEPRESSION  OF  IMMATURE 
GUINEA  PIG  FED  ON  GRASS  {BRACHIARIA 
PURPURASCENS  (RADDI)  HENRY) 

J.  PEREIRA,  Jr. 

Department  of  Animal  Physiology,  Instituto  Bioldgico,  Sao  Paulo,  Brazil 

WHILE  engaged  in  the  “in  vitro”  assessment  of  oxytoxic  activity  of 
posterior  pituitary  extracts,  we  observed  a  progressive  decline  in 
strength  besides  an  increasing  sluggishness  of  the  responses  of  the  young 
guinea  pig’s  uteri — in  animals  of  the  same  stock  and  comparable  body 
weights —  to  doses  of  a  potent  posterior  pituitary  extract. 

A  careful  checking  of  the  experimental  conditions  showed  that  a  very 
common  panic-like  green  fodder  {Brachiaria  purpurascens  (Raddi)  Henry) 
had  been  substituted  for  the  abitual  kale  leaves  (Brassica  oleracea  L)  of 
the  ration.  The  grass,  formerly  intended  as  bedding,  was  eaten  apparently 
as  greedily  as  kale,  together  with  the  basic  supplement  of  grain  polishings 
always  available  “ad  libitum.” 

Some  normal,  immature  guinea  pigs,  besides  the  well  known  causes  of 
variability  in  oxytoxic  testing,  like  season,  age,  nutritional  state,  hormonal 
treatment  or  deprivation,  are  not  suitable  for  oxytoxic  testing. 

We  shall  try  to  evidence  an  unsuspected  cause  of  variation  of  oxytoxic 
activity  bound  to  the  “greens”  in  the  diet  of  the  immature  guinea  pig. 

MATERIAL  AND  METHODS 

Young,  virgin  guinea  pigs  about  30  days  old,  from  a  much  inbred  colony,  were  dis¬ 
tributed  in  groups  and  raised  on  Brachiaria,  kale  or  a  mixture  of  both  greens,  in  wire 
bottom  cages.  The  vitamins  and  mineral  salts  of  grain  polishings  were  liberally  supplied 
as  a  basic  supplement,  enriched  for  three  of  the  groups,  with  meat  and  casein. 

The  supplement  as  routinely  furnished  to  the  colony  had  the  following  percentile 
composition:  wheat  polishings  20.2,  tikitiki  20.2,  medium  grade  corn  meal  22.6,  peanut 
cake  11.3,  corn  polishings  (30  per  cent  protein)  22.6,  meat  meal  2.3,  bone  meal  0.7,  crude 
salt  0.4.  All  dietary  additions  were  made  at  the  expense  of  the  corresponding  weight  of 
this  supplement. 

The  animals,  maintained  at  about  22°  C.,  were  weighed  thrice  a  week;  vaginal  smears 
were  made  in  the  week  days  and  interpreted  according  to  Young  (1936-37). 

A  press  juice  of  the  grass,  evaporated  to  dryness  at  105°  C.  for  2  days  to  destroy  all 
heat  labile  substances  was  reduced  to  a  dark  brown  powder  to  be  added  to  the  basic 
supplement  at  4.2  per  cent,  this  being  equivalent  mostly  to  the  mineral  salts  of  200  g.  of 
fresh  grass. 

Received  for  publication  September  7,  1951. 
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The  experiment  lasted  a  year  and  a  half,  but  we  are  here  concerned  with  the  oxytoxic 
tests  done  on  76  guinea  pigs  in  the  dry  months,  May  and  June,  1950  and  May,  1951.  Two 
animals  were  discarded:  one  after  a  sudden  stretch  of  the  uterus  while  in  the  apparatus; 
the  other,  for  having  only  142  g.  of  body  weight. 

To  test  simultaneously  the  uteri  from  different  animals  of  similar  body  weight  on 
distinct  diets,  we  assembled  two,  and  later  three,  well  balanced  frontal  writing  levers 
with  an  arm  ratio  of  6:1,  loaded  with  0.5  g.  symmetrical  and  equidistant  to  the  jioint 
of  application  of  the  muscular  traction.  The  weight  might  be  slipped  freely  to  any  j)oint 
of  the  lever  arm  with  a  corresponding  magnification  of  load.  The  overload  of  0.5  g.  X6 
was  also  used. 

After  a  few  experiments,  the  volumes  of  the  thyroid  glands,  the  ovary  (and  tul)es) 
and  the  uteri  and  fundus,  all  trimmed  from  adjacent  tissues,  were  succe.ssively  deter¬ 
mined  in  a  volumometer  constructed  after  Rrudick  (1941),  filled  with  Ringer  solution  in 
thermic  equilibrium  with  the  water  bath,  thus  minimizing  desiccation  and  temi)erature 
changes  of  the  organs.  One  of  the  uteri,  both  ovaries  and  thyroid  glands  were  dropped  in 
the  fixing  solution  of  10  j)er  cent  formaline  and  5  per  cent  ethyl  alcohol,  and  the  sections 
stained  with  hematoxylin  and  eosin.  Two  out  of  about  200  guinea  pigs,  had  an  uterus 
simplex  with  normal,  paired  ovaries. 

The  calcium  titrated  Ringer  solution  (Burn,  1937)  stored  at  room  temperature  as  a 
33  times  concentrated  solution,  with  sodium  bicarbonate  and  dextrose  added  upon 
dilution,  was  prepared  just  before  each  test. 

The  uteri  were  tied  to  the  oxygen  tubing  and  immersed  in  a  well  oxygenated  Ringer 
bath  at  37°  C.  After  each  dose  the  Ringer  was  rajjidly  syphoned  out  twice  in  the  20  to  40 
minutes  the  preparations  were  allowed  to  rest. 

The  commercial  solutions  from  the  same  package,  of  total  i)osterior  j)ituitary  prepara¬ 
tion,  10  i.u./cc.,  histamine  hydrochloride  0.5  mg./cc.,  and  oestrone  in  se.same  oil  1 
mg./cc.,  of  well  reputed  brands,  were  suitably  diluted,  ampulled  and  tyndalized  for  use. 
The  millesimal  dilution  of  the  i.u.  of  posterior  pituitary  solution,  as  rediluted  just  before 
the  test  is  called  milli  i.u.  From  0.1  to  0.5  cc.  of  the  test  solutions  are  employed  so  as  to 
cause  the  least  dilution  and  pH  alteration  of  the  Ringer  bath. 

The  maximal  oxytoxic  activity  in  millimeters  in  the  record  to  the  smallest  do.se  of 
stimulus  for  each  of  the  two  or  three  simultaneously  tested  uteri  is  chosen  as  best  ex- 
pre.ssing  the  muscular  strength.  In  fact,  the  liminal  response  is  sometimes  very  discrete 
and  is  not  elevated  in  proportion  to  higher  doses. 


EXPERIMENT.\L 

In  the  upper  part  of  Figs.  1  and  2,  each  syml)ol  represents  the  maximal 
height  of  oxytoxic  response  obtained  with  the  test  substances.  In  the  lower 
part,  the  same  .symbols  stand  for  the  dose  of  corresponding  oxytoxic  drugs. 
The  tailed  black  dots  represent  the  actual  body  weight  on  test  day,  while 
the  direction  and  length  of  the  tail  from  the  starting  weight,  means  the 
gain  or  loss  in  weight. 

The  uteri  are  generally  thin  and  whiti.sh  or  slightly  pink,  being  both 
macro  and  microscopically  normal.  The  cellular  pattern  of  the  vaginal 
smear  does  not  reflect  with  fidelity  the  capacity  of  oxytoxic  activity;  in 
the  maturing  females  of  Fig.  1,  on  grass,  the  vaginal  picture  of  stage  1-b 
late  was  the  commonest;  on  grass  and  kale  or  on  kale  only,  even  in  very 
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days  6  12  13  M  IS  16  17  IS  19  20  21  22  2S  24  2»  2«  27  2«  33 

IN  DIET 


P'lG.  1 .  Immature  guinea  pigs  raised  on  Brachiaria  grass  and  basic  supplement. 

Upper  part:  Maximal  oxytoxic  responses  in  millimeters  in  the  record  to  total  posterior 
pituitary  solution,  histamine  hydrochloride  and  potassium  chloride. 

Lower  part:  Each  symbol  stands  for  the  corresponding  dose  of  each  oxytoxic  drug.  The 
length  of  the  “tail”  in  body  weight  symbols  shows  the  gain  in  weight.  It  is  to  be  ob¬ 
served  the  parallelism  of  responses  to  posterior  pituitary  solution  and  histamine  hydro¬ 
chloride,  with  a  weaker  action  of  potassium  chloride.  As  the  animals  grow  mature  the 
oxj'toxic  activit}’  tends  to  be  elicited  with  lower  doses  of  drugs  but  not  with  higher  con¬ 
tractions. 

young  guinea  pigs  of  about  200  g.,  as  shown  in  Fig.  2,  the  vaginal  smear 
of  stage  III,  with  abundant  invading  leukocytes,  is  predominant  after  the 
second  or  third  smear. 

Hemorrhagic  follicles  or  corpora  lutea,  in  no  instance  have  been  found 
either  macroscopically  or  in  sections. 

Fig.  1  shows  the  maximal  oxytoxic  responses  of  pairs  of  differently  sup¬ 
plemented  grass  fed  animals,  as  elicited  in  25  guinea  pigs,  through  the  solu¬ 
tions  of  posterior  pituitary,  histamine  hydrochloride  and  potassium  chlo¬ 
ride,  in  an  attempt  to  reach  by  different  ways  the  contractile  mechanisms 
of  the  smooth  muscle,  as  influenced  by  the  diet. 
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Fig.  2.  Enhanced  oxytoxic  activity  of  immature  guinea  pigs  after  the  withdrawal  of 
lirachiaria  grass. 

Upper  part:  Maximal  oxytoxic  activity  in  millimeters  in  the  record  to  posterior 
pituitarj-  solution.  Action  of  estrogen  and  j)f  an  overload  of  0.5  gm.  XO. 

Lower  pari:  Each  .symbol  corresponds  to  the  dose  of  |)osterior  i)ituitary  solution 
giving  the  maximal  response,  and  the  action  of  estrogen,  and  overload.  The  length  and 
direction  of  the  “tail”  in  body  weight  symbol  rejiresents  the  weight  gain  or  loss  in  diet. 
The  horizontal  bars  represent  the  uterine  volumes. 

The  left  segment  shows  the  inadetpiacy  of  kale  to  counteract  the  oxytoxic  depre.ssing 
action  of  Brachiaria.  This  dejiression  can  be  overcome  in  mo.st  cases  through  small  do.ses 
of  estrogen  that  bring  a  sharp  increase  in  uterine  volume,  but  not  after  overload.  The 
right  segment,  shows  animals  under  kale  diet  (5  under  grass).  It  is  to  be  observed  that 
the  awakening  of  oxytoxic  activity  is  both  immediate  and  not  dependent  on  body 
weight,  or  uterine  volume,  and  is  not  hindered  by  acute  weight  loss. 
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The  animals  have  been  raised  throughout  on  grass  and  basic  supple¬ 
ment  ;  the  number  of  days  of  diet  is  represented  by  the  number  of  days  in 
which  the  anirrfals,  though  continuing  on  grass,  did  not  receive  the  basic 
supplement  or  received  it  both  plain  or  enriched  either  with  5  and  10  per¬ 
cent  meat  meal  or  with  5  per  cent  commercial  casein. 

The  modification  of  the  supplement  or  its  withdrawal  under  grass  feed¬ 
ing  can  not  overcome  the  oxytoxic  inhibition,  as  shown  by  the  generally 
weak  and,  in  more  than  one  third,  sluggish  responses  obtained  even  when 
the  animals  were  putting  weight  continuously  for  about  two  months:  they 
were  tested  from  about  250  g.  up  (mean  weight:  266.4  g.)  The  mere 
statement  of  the  contraction  height  does  not  reveal  its  sluggishness,  since 
in  7  animals  more  than  10  minutes  were  necessary  for  the  maximum  to  be 
attained,  irrespective  of  their  body  weights. 

It  is  to  be  observed  that  from  the  6th  to  the  33th  day  there  is  a  ten¬ 
dency  of  the  oxytoxic  activity  to  progressively  escape  from  the  grass  de¬ 
pression;  this  escape  should  not  be  mea.sured  only  by  a  higher  contraction, 
but  also  and  chiefly  through  a  generally  smaller  test  dose  of  the  drugs  em¬ 
ployed. 

After  33  days  of  the  diet  3  animals  (about  two  months  old)  were  simul¬ 
taneously  tested.  Two  animals  had  so  matured  as  to  exhibit  thick,  con¬ 
gested  uteri,  characteristic  of  oestrus;  the  vaginal  smear  of  one  of  them 
showed  stage  1-b  late;  the  other,  stage  III.  Both  had  given  the  highest  re¬ 
sponse  to  the  pituitary  solution;  potassium  chloride  was  here,  as  in  some 
other  animals,  deprived  of  action. 

There  is  generally  a  close  parallelism  between  the  oxytoxic  activity  of 
the  posterior  pituitary  principle  and  histamine  hydrochloride,  notwith¬ 
standing  the  latter  drug  being  admittedly  active  on  a  “link”  closer  to  the 
contractile  mechanism  (cf.  Fischer,  1944),  than  the  pituitary  oxytoxic 
principle.  Potassium  chloride  is  more  irregular  in  action  and  frequently  in¬ 
active  when  a  response  is  obtained  with  the  other  drugs:  the  elevation  of 
the  dose  is  prone  to  produce  relaxation. 

In  eight  animals  a  progressive  development- of  tonus  after  each  dose  in¬ 
hibited  the  full  relaxation,  while  the  companion  uterus  of  another  animal 
exhibited  its  own  reaction  to  the  drugs. 

From  Fig.  1  it  is  apparent  that  the  strength  (and  also  velocity,  not 
shown  in  the  graph)  of  the  uterine  muscle  contraction  in  immature  Bra- 
chiaria-ieA  guinea  pigs,  is  fairly  independent  of  the  body  weight. 

In  order  to  find  out  (Fig.  2)  whether  this  inhibition  could  have  an  ana¬ 
tomic  counterpart  not  readily  apparent  to  gross  or  microscopic  inspection, 
the  volumes  of  the  uteri  (horizontal  bars),  ovaries  and  thyroid  (not  shown) 
were  determined  in  quite  young  animals  (about  30  days  old)  raised  on 
Brachiaria  plus  basic  supplement.  These  animals  had  been  separated  into 


January,  1952 


OXYTOXIC  DEPRESSION  ON  GRASS 


129 


three  lots,  viz.,  14  (mean  body  weight:  211  g.)  were  changed  to  a  liberal 
diet  of  grass  and  kale;  25  (mean  body  weight:  215.6  g.)  were  transferred 
to  a  kale  diet  and  12  remained  on  the  grass  diet.  This  last  lot  is  scattered 
in  both  segments  of  Fig.  2.  All  three  groups  received  the  basic  supplement. 

Powdered  grass  juice,  the  proportion  of  4.2  per  cent,  equivalent  to  200  g. 
of  fresh  grass,  was  added  to  the  basic  supplement  of  7  animals  on  grass 
and  kale  diet  and  5  ones  on  kale  only.  This  addition  did  not  cause  any  al¬ 
teration  in  the  oxytoxic  response. 

The  left  segment  of  Fig.  2  shows  maximal  responses  of  uteri  of  three 
simultaneously  tested  animals  on  grass  and  kale  (grass  not  distinct),  under 
overload  and  oestrogen. 

It  is  apparent  that  under  Brachiaria,  even  with  added  kale,  the  imma¬ 
ture  animals  have  a  very  poor  capacity  of  reaction  to  the  posterior  pitui¬ 
tary  solution. 

To  stretch  the  uterine  muscle,  so  as  to  produce  a  longer  and  stronger 
fiber,  the  0.5  g.  load  was  transferred  to  the  extremity  of  the  lever  produc¬ 
ing  a  0.5  g.X6  overloading.  This  increase  in  strength  is  already  known  to 
be  peculiar  to  striated  muscles  and  to  strips  of  pregnant  guinea  pig’s 
uterus  as  verified  by  Newton  (1933).  No  enhancing  effect  but  on  the  con¬ 
trary,  a  greater  depression  has  been  obtained,  thus  confirming  altogether 
Simeone’s  observation  (1935)  for  the  non-pregnant  cat  uterus,  i.e.,  the 
rhythmic  activity  has  no  proportionality  to  the  tension  thereto  applied. 

To  ascertain  if  a  more  developed  uterus,  possibly  rid  of  the  grass  depres¬ 
sion  could  be  obtained,  8  animals  (left  segment.  Fig.  2)  were  tested  re¬ 
spectively  on  the  6th,  7th  and  9th  days  of  this  mixed  “greens”  diet.  They 
were  injected  with  the  low  subcutaneous  dosage  of  2.5  gamma  of  oestrone 
in  oil,  either  48  or  96  hours  previously.  The  enhancing  effect  of  the  in¬ 
jected  estrogen  is  evidenced  by  the  strong  oxytoxic  response,  which  in  5 
of  the  animals  attained  the  level  shown  in  Fig.  1  or  even  a  higher  level, 
irrespective  of  the  conspicuous  uterine  thickening  provoked  in  all  of  the 
animals,  as  shown  in  the  lower  part  of  the  graph.  It  is  worth  being  recalled 
that  the  animals  studied  in  Fig.  1  were  more  fully  mature. 

Three  of  the  injected  guinea  pigs  did  not  give  an  enhancefl  oxytoxic  re¬ 
sponse  after  this  dosage  of  estrone.  Inasmuch  as  some  otherwise  normal 
guinea  pigs  are  known  to  have  a  higher  threshold  to  estrogens  (Young, 
Dempsey,  Myers  and  Hagquist,  1938;  Wilson  and  Young,  1941),  this 
seemed  not  to  be  the  case  here  for  the  uterine  volume  was  sharply  aug¬ 
mented  in  all  animals  under  estrogen,  with  individual  variations.  Even 
under  estrogen  the  capacity  of  good  oxytoxic  reaction  with  overloaded 
levers  showed  itself  only  in  one  animal,  tested  on  the  9th  day,  which  had 
been  accidentally  injected  twice  with  2.5  gamma  of  estrone  96  and  48 
hours  before  the  test. 
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It  is  obvious  that  the  oxytoxic  depression  conditioned  by  the  grass  diet 
and  sustained  by  grass  and  kale  can  generally  be  overcome  by  low  doses  of 
estrogen,  intended  to  act  on  the  uterine  muscle  without  interfering  with 
other  endocrines,  namely  the  hypophysis  or  the  thyroid  glands.  This  sug¬ 
gests  the  green  fodder  to  be  one  of  the  extrinsic  causes  of  the  known  thres¬ 
hold  variability  to  estrogen  as  shown  by  guinea  pigs. 

The  right  segment  of  Fig.  2  shows  the  speed  of  reversal  of  the  grass  con¬ 
ditioned  depression  of  oxytoxic  activity  through  its  mere  displacement 
from  the  diet.  Here,  equally  immature  guinea  pigs  raised  on  grass  and 
basic  supplement,  after  being  transferred  to  kale  with  basic  supplement, 
show  immediate  enhancement  of  oxytoxic  activity.  The  animals  pas.sed 
from  grass  to  kale  in  successive  days.  Tliis  allowed  the  .simultaneous  testing 
of  three  animals  at  different  stages  in  the  course  of  their  kale  diet. 

The  kale  diet,  while  readily  accepted,  has  systematically  induced  a 
weight  lo.ss  in  these  trials  of  short  .standing. 

It  is  apparent  from  the  right  segment  of  Fig.  2,  that  independently  from 
immaturity,  weight  loss  or  uterine  development,  the  oxytoxic  activity  is 
here  much  higher  than  in  normally  growing,  grass-fed  guinea  pigs. 

The  oxytoxic  depression  observed  in  the  gra.ss-fed  guinea  pig  is  not  con¬ 
ditioned  by  any  anatomic  or  histologic  alteration,  for  all  ti.s.sues  looked 
normal.  This  is  stressed  even  more  by  the  rapid  heightening  of  oxytoxic 
activity  under  kale. 

Though  inadequate  for  growth,  the  kale  diet,  by  subtracting  the  uterine 
muscle  from  the  depre.ssive  action  of  the  grass  feeding,  strongly  mimetizes 
the  action  of  the  estrogen  previously  referred  to,  thus  conditioning  the  in¬ 
tensity  of  the  “in  vitro”  oxytoxic  activity  of  immature  guinea  pigs  to  the 
diet  greens. 

The  better  oxytoxic  activity  ol)tained  under  an  exclusive  kale  feeding, 
in  quite  immature  guinea  pigs,  is  largely  independent  either  of  the  body 
weight  or  weight  loss  or  even  from  the  uterine  development,  as  seen  in 
l)oth  .segments  of  Fig.  2. 

In  fact,  it  is  apparent  with  animals  under  gra.ss  and ‘kale  that  a  full  oxy¬ 
toxic  response  is  only  obtained  when  the  uterine  volumes  are  above 
200  mm.*  as  ob.served  under  estrogen  priming.  Animals  with  uteri  from 
130  mm.®  up  to  178-198  mm.®,  are  quite  irresponsive. 

In  contradistinction,  under  kale  a  satisfactory  oxytoxic  reaction  can  be 
obtained  with  uteri  of  about  130  mm.®  and  occasionally  even  smaller,  not¬ 
withstanding  the  fall  of  the  body  weight  after  diet  change. 

Not  all  immature  animals  under  kale  are  apt  to  react  to  posterior  pi¬ 
tuitary  .solution  even  as  high  as  5  milli  i.u.,  and  when  a  low  and  sluggish 
contraction  is  obtained  here  also  it  is  of  no  avail  to  try  a  higher  dose. 
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In  three  instances,  in  this  group  of  animals  emerging  from  the  oxytoxic 
depression  a  rapid  fatigability  has  been  found  with  uteri  giving  a  good 
initial  response  not  to  be  reproduced  successively  even  with  larger  doses. 
The  enhancing  responses  to  repeated  doses  are  sometimes  obtained  in  any 
diet,  as  already  known. 

The  absence  of  uterine  development,  or  the  corresponding  histology, 
does  not  favor  kale  as  a  source  of  ingested  estrogen. 

DISCUSSION 

The  appraisal  of  the  influence  of  Rrachiaria  as  part  of  the  immature 
guinea  pig’s  diet,  on  the  type  of  oxytoxic  response  is  here  presented.  The 
grass  diet  conditions  a  higher  uterine  threshold,  and  even  inactivity  to  oxy¬ 
toxic  agents,  with  weaker  and  generally  more  sluggish  type  of  uterine  con¬ 
traction,  without  any  evidence  of  malnutrition. 

The  quick  reversal  of  the  grass  feeding  depression  of  oxytoxic  activity 
through  a  kale  diet,  though  inadequate  for  growth,  suggests  the  presence 
in  the  grass  of  inhibiting  substance(s)  quickly  destroyed  or  eliminated  by 
the  organism,  thus  allowing  the  obtention  of  stronger  uterine  contractions, 
when  the  immature  animals  are  switched  from  the  grass  to  the  kale  diet. 
A  uterus  smaller  (in  volume)  than  the  ones  obtained  under  grass  and  es¬ 
trogen  is  not  a  hindrance  to  a  better  oxytoxic  response. 

The  mineral  salts,  vitamins  and  proteins  of  the  basic  supplement,  even 
when  enriched  with  the  solids  of  the  press  juice  of  the  grass,  have  no  effect 
on  the  oxytoxic  depressive  action  of  Rrachiaria  on  guinea  pigs  growing 
well  on  this  diet. 

A  similar  depression  of  oxytoxic  activity  in  the  rabbit  was  obtained  by 
Makepeace,  Corner  and  Allen  (1936)  by  the  use  of  progesterone. 

In  our  experiments,  where  such  a  hormonal  factor  was  not  introduced, 
it  is  unlikely  that  it  might  be  secreted  by  the  ovaries  in  augmented  quanti¬ 
ties,  because  a)  our  animals  are  immature  and,  as  in  Fig.  2,  very  immature; 
b)  in  no  instance  has  a  corpus  luteum  or,  at  least,  a  ripe  follicle  lieen  ob¬ 
served. 

By  the  undernutrition  of  mature  guinea  pigs  in  restricted  diets  with  a 
20-30  per  cent  weight  loss  in  2  weeks,  Stephens  and  Allen  (1941)  have  ob¬ 
tained  an  ovarian  picture  similar  to  that  obtained  after  hypophysectomy, 
responding  well  to  an  anterior  pituitary  preparation,  but  not  to  thyroxin. 

The  very  acute  weight  loss  in  the  immature  guinea  pigs  under  kale  is 
not  comparable  to  the  weight  loss  of  the  mature  undernourished  guinea 
pigs.  The  ovarian,  thyroid  and  uterine  pictures  are  here,  as  on  grass,  es¬ 
sentially  normal,  as  evidenced  by  the  frequently  higher  and  more  rapid 
uterine  contractions  verified  on  kale  and  after  estrogen  priming. 
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The  enhanced  oxytoxic  responses  of  immature  guinea  pigs  under  kale 
are  not  dependent  on  any  peculiar  uterine  development  in  volume,  thus 
making  inconsistent  the  hypothesis  of  augmented  estrogen  action,  either 
ingested  with  kale  or  through  ovarian  hyperactivity. 

The  growth  of  the  guinea  pigs  under  Brachiaria,  as  contrasted  with  the 
weight  loss  under  kale  diet,  is  an  evidence  against  the  influence  of  nutri¬ 
tional  state  or  of  body  growth  “per  se”  on  the  threshold  for  oxytoxic  re¬ 
activity. 

The  growing  grass  has,  in  fact,  growth  factors  for  guinea  pigs  and  rats, 
as  first  shown  by  Kohler,  Elvehjem  and  Hart  (1958).  Actually,  the  kale 
substitution  for  grass  is  immediately  followed  by  a  weight  loss,  suggesting 
the  absence  of  growth  factors  in  kale.  Notwithstanding  this,  better  re¬ 
sponses  are  obtained  under  kale  thus  showing  the  relative  degree  of  in¬ 
dependence  of  the  oxytoxic  activity  in  immature  guinea  pigs  from  age, 
season,  etc.,  so  stressing  the  importance  of  the  nature  of  the  “greens”  in 
diet. 

Summary 

Immature  guinea  pigs  (mean  body  weight:  266  g.)  raised  on  Brachiaria 
grass  exhibit  a  marked  and  transient  depression  of  oxytoxic  activity 
“in  vitro,”  notwithstanding  the  good  body  growth  obtained. 

The  supplementation  of  this  grass  with  grain  polishings,  either  enriched 
with  animal  protein  or  the  solids  of  the  grass  juice,  or  even  the  elongation 
of  the  muscle  fiber  does  not  overcome  the  depressive  state  of  the  uterus. 
A  rapid  reversal  of  the  inhibition  can  be  brought  about  either  through  small 
doses  of  estrogen  in  grass-fed  animals,  bringing  the  uterine  volume  to  above 
200  mm.®,  or  through  the  substitution  of  kale  for  grass  even  in  quite  imma¬ 
ture  animals:  mean  body  weights  211-215.6  gm.;  uterine  volumes  under 
130  mm.® 

The  absence  of  uterine  development  under  kale  precludes  the  action  of 
augmented  quantities  of  estrogen  either  endogenous  or  exogenous. 

There  are  no  gross  or  fine  anatomic  alterations  through  undernutrition, 
in  the  ovaries,  uteri  or  thyroid  glands,  as  stressed  by  the  rapid  disappear¬ 
ance  of  the  grass  conditioned  depression,  when  this  “green”  is  substituted 
for  kale.  This  suggests  the  presence  in  the  ingested  Brachiaria,  of  oxytoxic 
inhibiting  substance(s),  mimetizing  the  already  known  action  of  proges¬ 
terone,  but  v'ery  quickly  eliminated  or  destroyed  by  the  organism,  and 
whose  action  can  be  slowly  overcome  as  the  guinea  pig  grows  mature. 

The  oxytoxic  response  in  the  immature  guinea  pig  does  not  seem  to  be 
related  to  body  weight  (age),  vaginal  smear,  or  uterine  development 
(volume),  but  rather  to  the  nature  of  the  “green”  in  diet,  this  being, 
possibly,  one  of  the  causes  of  threshold  variation  to  injected  estrogen  in 
this  species. 
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DISTRIBUTION  IN  NORMAL  AND  HEMITHYROIDEC- 
TOMIZED  RATS  TREATED  WITH  DESOXYCORTI- 
CXISTERONE  ACETATE 

JOSEPH  B.  BOATMAN,  CLEM  RUSS,  JOSEPH  H.  SUNDER, 
ANDREW  KONNERTH  and  CAMPBELL  MOSES 

From  the  Addison  II.  Gibson  Laboratory,  the  University  of  Pittsburgh 
School  of  Medicine,  Pittsburgh,  Pennsylvania 

The  similar  biological  effect  on  membrane  and  cellular  permeability  of 
desoxycorticosterone  acetate  and  hyaluronidase  has  been  reported 
(Opsahl,  1949a),  (Opsahl,  1949b),  (Seifter,  Baeder,  and  Begany,  1949).  Re¬ 
cent  studies  have  shown  that  several  endocrine  glands  exhibit  widely  vary¬ 
ing  concentrations  of  radioiodine  under  various  experimental  conditions 
(Franke,  Boatman  and  George,  1951),  (Boatman  and  Moses,  1951a), 
(Boatman  et  al.,  1951).  The  study  here  reported  was  conducted  to  deter¬ 
mine  whether  the  variation  in  the  ability  of  these  tissues  to  concentrate 
radioiodine  was  altered  by  the  administration  of  low  levels  of  desoxycorti¬ 
costerone  acetate  (DCA). 

METHODS  AND  PROCEDURE 

Holtzmann-Rolfsmeyer  female  rats,  weighing  between  210  and  230  grams,  were  ran¬ 
domly  divided  into  4  groups  of  16  animals  each.  The  weight  of  each  animal  was  within 
twice  the  standard  deviation  of  the  mean  weight  of  all  animals.  All  animals  were  housed 
under  identical  conditions  and  were  maintained  on  tap  water  and  Rockland  rat  ration. 

(Iroups  I  and  III  rats  were  hemithyroidectomized  by  removing  the  right  lobe  and 
half  the  'isthmus  of  the  thyroid  gland  under  light  ether  anesthesia.  Groups  II  and  IV 
were  sham-o|)erated,  the  thyroiil  gland  exposed  and  palpated  under  light  ether  anes¬ 
thesia  and  the  incision  closed.  Ten  days  following  the  surgical  procedure,  the  animals 
were  placed  on  the  following  regimen. 

Groups  1  and  II  rats  were  injected  intramuscularlj'  three  times  weekly  with  0.2  ml. 
of  .sesame  oil,  N.  F.,  and  Groups  III  and  IV  rats  were  injected  three  times  weekly  with 
0.2  ml.  sesame  oil  containing  1.0  mg.  desoxycorticosterone  acetate  (DCA)*  for  a  total 
of  3.0  mg.  of  DCA  per  week  per  rat  in  Groups  III  and  IV.  The  sites  of  injection  were 
changed  at  each  injection  time  to  avoid  the  accumulation  of  DCA  or  sesame  oil  at  one 
location. 

All  animals  were  sacrificed  after  30  days.  Three  hours  before  sacrifice  each  rat  re¬ 
ceived  200  microcuries  of  intraperitoneal  I'®*  as  carrier  free  Nal  in  a  physiological  saline 
solution.  At  sacrifice  under  ether  anesthesia,  heart  blood  was  collected  directly  into  cold 
heparinized  test  tubes,  the  animal  exsanguinated,  and  the  pituitarj',  thyroid  and  ad- 
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renals  quickly  removed,  rinsed  in  saline  and  weighed  on  a  torsion  balance  to  the  nearest 
tenth  of  a  milligram.  One  half  of  each  organ  was  pooled  with  others  from  the  same 
group,  and  the  remaining  half  weighed,  wet  with  AgNOs  solution  and  ashed  at  300°  C. 
under  aluminum  caps  and  assayed  for  radioiodine  1*^^  (Boatman  and  Moses,  1951a). 

The  pooled  alicpiots  were  chilled  in  dry  ice,  homogenized  under  trichloroacetic  acid, 
and  the  radioiodine  1'^*  content  of  the  acid  soluble  and  in.soluble  fractions  determined 
under  identical,  controlled  conditions,  followed  the  methods  described  by  Wolff  and 
Chaikoff  (I94S)  and  Albert  and  Lorenz  (1951).  The  radioactivity  of  the  acid  soluble 
fraction  was  considered  to  contain  the  inorganic  iodine  portion,  while  radioactivity  of  the 
insoluble  fraction  was  considered  to  repre.sent  principally  the  organically  bound  iodine 
comj)onents  of  the  tissue.  In  a  preliminary  study,  following  the  addition  of  I'^^  to  the 
trichloroacetic  acid,  less  than  2.0%  of  added  I”'  was  found  in  the  acid  insoluble  fraction 
of  the  tissues  of  normal,  untreated  rats. 

Hematocrit  determination  was  made  on  the  blood  of  each  animal  in  a  Wintrobe 
hematocrit  tube  and  pooled  blood  from  each  grouj)  was  used  for  the  determination  of 
whole  blood,  ])lasma  and  erythrocyte  radioiodine  I*®'  (Boatman  and  Moses,  1951b),  and 
for  the  determination  of  the  radioiodine  I'®'  content  of  the  trichloroacetic  acid  soluble 
and  insoluble  fractions  of  the  plasma. 

The  per  cent  of  administered  activity  in  each  fraction  of  tissue  assaj'ed  was  calculated 
in  terms  of  the  total  organ  weight.  In  the  case  of  whole  blood,  5%  of  the  total  body  weight 
was  used  as  an  e.stimate  of  whole  blood  volume,  and  the  plasma  volume  was  calculated 
using  the  average  hematocrit  value.  The  concentration  of  I‘^‘  in  each  organ  was  expressed 
in  terms  of  radioiodine  I'®'  concentration  ratios  as  previously  described  (Boatman  and 
Moses,  1951a).  The  per  cent  of  administered  activity  found  in  an  organ  divided  by  that 
organ’s  per  cent  of  total  bo<lj"  weight  is  termed  the  concentration  ratio.  This  value  re¬ 
flects  the  ability  of  an  organ  to  concentrate  the  isotope,  and  values  so  expressed  are  con¬ 
sidered  to  be  independent  of  variations  in  the  size  of  organs  or  of  the  animal. 

ItESULTS 

No  significant  changes  were  observed  in  gross  weight  or  in  tlie  per  cent 
of  l)ody  weiglit  of  the  organs  examined  (Tal)le  1). 

The  DCA  treated  groups  showed  a  consistently  liigher  per  cent  of  wliole 
blood  in  the  erythrocyte  than  the  corresponding  control  groups,  either 
hemithyroidectomized  or  sham  operated,  as  well  as  a  greater  per  cent  of 
administered  activity  in  the  estimated  total  blood  volume  of  the  DCA 
groups.  Hemithyroidectomized  animals  showed  a  lower  per  cent  of  total 


TaBI.E  1.  WeICHT  I\  GHAMS  and  mean  per  cent  of  body  WEKJHT  (BW)  OF  ORCiANS  OF 
HEMITHYROIDECTOMIZED  (cROI  I'S  I  AND  III)  AND  SHAM  OPERATED  (cROCPS 
II  AND  IV)  RATS  RECEIVING  DESOXYCORTICOSTERONE 
ACETATE  (D(L\)  OR  SESAME  Oil. 


Sp.samc  oil 


DC.\  treated 


Group  I  Group  II  Group  III  Group  IV 


mg. 

%  BW 

mg. 

%  BW 

mg. 

%  BW 

mg. 

%  BW 

Pituitary 

10.9 

.0047 

13.0 

.0057 

12.8 

.0054 

13.2 

.0057 

Thyroid 

6.9 

.0030 

15.7 

.0069 

7.8 

.0033 

17.7 

.0076 

Adrenals 

51.4 

.0222 

54.6 

.0240 

5.1 .4 

.0215 

54.3 

.0234 
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Table  2.  Distribution  of  administered  I'”  in  the  blood  of  hemithyroidectomized 
(groups  I  AND  III)  AND  SHAM  OPERATED  (GROUPS  II  AND  IV)  RATS  TREATED 
WITH  DESOXYCORTICOSTERONE  ACETATE  (DCA)  OR  SESAME  OIL 


Sesame  oil  only 

DCA  treated 

Group  I 

Group  II 

Group  III 

Group  IV 

ICsti mated  Whole 

Bid.  V’olume 

10.83  ml. 

11.12  ml. 

11.97  ml. 

11.59  ml. 

Hematocrit 

47.4% 

45.7% 

40.2% 

44.9% 

%  Adm.  .\ct.  in 

Whole  Bid. 

7.63% 

6.00% 

10.61% 

10.15% 

%  Adm.  Act.  in 
Plasma 

5.89% 

3.92% 

7.22% 

5.93% 

%  Adm.  .\ct.  in 

BBC  (Differ.) 

1.74% 

3.08% 

3.39% 

4.22% 

blood  in  the  erythrocyte  than  did  the  sham  operated  groups,  either 
with  DCA  or  sesame  oil  only,  confirming  an  earlier  report  of  this  event  in 
hypothyroid  rats  (Boatman  and  Moses,  1951b)  (Table  2). 

There  was  observed  an  increase  in  concentration  ratios  for  all  tissues 
from  animals  receiving  DCA  when  compared  to  animals  treated  with  ses¬ 
ame  oil  only. 

In  the  non-DC  A,  sesame  oil  treated  Group  I,  the  hemithyroidectomized 
animals  exhibited  an  increased  P®^  concentration  ratio  in  the  pituitary  and 
remaining  thyroid  tissue  and  a  slight  decrease  in  the  adrenals  when  com¬ 
pared  with  the  non-hemithyroidectomized,  sesame  oil  treated  animals 
(Group  II). 

In  the  pituitary  and  thyroid  tissue  (Group  I)  there  was  found  an  in¬ 
creased  percentage  of  inorganic  P®’  content,  and  a  decreased  percentage  of 
organic  P®b  In  the  adrenal  (Group  I)  there  was  found  a  decreased  percent¬ 
age  of  inorganic  P®^  compared  to  the  non-hemithyroidectomized  animals 
(Group  II). 

The  pituitary  tissue  of  the  DCA  treated,  hemithyroidectomized  animals 
(Group  III),  showed  lower  P®^  concentration  ratios  than  the  DCA  treated, 
non-hemithyroidectomized  group  (Group  IV).  This  was  accompanied  by 
decreased  percentage  of  inorganic  P®b 

The  thyroid  tissue  of  the  two  groups  of  DCA  treated  animals  (Groups 
III,  IV)  showed  similar  relationships  as  the  non-DCA  groups,  (Groups  I, 

II)  except  that  the  P®‘  concentration  ratios  were  greater  in  the  DCA 
treated  animals  than  in  the  other  animals. 

The  adrenal  tissue  of  the  DCA-treated,  hemithyroidectomized  (Group 

III)  showed  a  markedly  decreased  percentage  of  inorganic  I‘®‘  with  an  in¬ 
creased  percentage  of  organic  I‘®‘,  and  greatly  increased  content  of  total 
I*®*  present,  expressed  as  the  P®^  concentration  ratio. 
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It  should  be  noted  that  both  pituitary  and  adrenal  tissue  of  hemithy- 
roidectomized  rats  treated  with  DCA  (Group  III)  reversed  the  percentage 
of  inorganic  to  organic  I‘®^  percentage,  and  assumed  a  ratio  of  distribu¬ 
tion  similar  to  that  consistently  seen  in  thyroid  tissue  of  all  groups,  where 
the  organic  I‘®‘  percentage  content  exceeded  that  of  the  inorganic  content 
(Table  3). 


Table  3.  Concentration  ratios  of  I'®*  (CRI'”)  in  tissi  es  of  hemithyroidectomizeb 
(groups  I  AND  III)  AND  SHAM  OPERATED  (GROUPS  II  AND  IV)  RATS  TREATED 
WITH  DESOXYCORTICOSTERONE  ACETATE  (DCA)  OR  SESAME  OIL 


CUpsi 

Sesame  oil  only 

DCA  treated 

Group  I 

Group  II 

Group  III 

Group  IV 

Pituitary: 

total 

.814 

.545 

.3.57 

.487 

acid-soluble 

.662 

.390 

.089 

.323 

(%  of  total) 

(81.2%) 

(67.4%) 

(24.8%) 

(66.3%) 

acid-insoluble 

.153 

.188 

.269 

.164 

(%  of  total) 

(18.8%) 

(32.6%) 

(75.2%) 

(33.7%) 

Thyroid: 

total 

255.478 

193.727 

428.192 

254.807 

acid-soluble 

47.115 

19.968 

60.631 

24 .566 

(%of  total) 

(18.4%) 

(10.4%) 

(14.2%) 

(9.6%) 

acid-soluble 

208.377 

367.562 

367.562 

230.241 

(%  of  total) 

(81.6%) 

(89.6%) 

(85.8%) 

(90.4%) 

Adrenal: 

total 

.519 

..5.56 

1 .408 

.510 

acid  soluble 

.319 

.443 

..502 

.319 

(%  of  total) 

(61  .2%) 

(74.6%) 

(30.3%) 

(62.4%) 

acid-insoluble 

.202 

.151 

1 .0.54 

.192 

(%  of  total) 

(38.8%) 

(25.4%) 

(69.7%) 

(37.6%) 

Plasma: 

total 

.169 

.122 

.120 

.148 

acid-soluble 

.163 

.119 

.117 

.145 

(%  of  total) 

(96.4%) 

(97.5%) 

(97.5%) 

(98.0%) 

acid-insoluble 

.006 

.003 

.003 

.003 

(%  of  total) 

(3.6) 

(2.5%) 

(2.5%) 

(2.0%) 

DISCUSSION  AND  CONCLUSIONS 

Surgically  reducing  the  amount  of  thyroid  tissue  produces  moderate  hy¬ 
pothyroidism  and  may  result  in  hyperactivity  of  the  remaining  thyroid 
gland.  The  increased  I*®*  concentration  ratios  of  the  remaining  thyroid  tis¬ 
sue  found  with  or  without  the  administration  of  DCA  in  these  experi¬ 
ments  supports  this  view. 

From  the  data  presented  it  appears  that  small  amounts  of  DCA  ad- 
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ministered  to  normal  and  hemithyroidectomized  rats  may  alter  the  dis¬ 
tribution  of  carrier  free  P®*  in  the  blood,  pituitary,  thyroid  and  adrenals. 
In  general,  the  effect  is  one  resulting  in  an  increased  content  of  radio¬ 
iodine  in  those  tissues  and  in  the  red  cell  fraction  of  the  blood.  It  is  as¬ 
sumed  that  these  alterations  are  related  to  the  DCA  injected. 

An  increase  of  the  P*‘  concentration  ratios  could  be  expected  if  the  ex¬ 
cretion  of  P*‘  was  decreased.  Existing  evidence  supports  the  view  that  the 
behavior  of  the  iodine  ion  corresponds  closely  to  the  chloride  ion  in  dis¬ 
tribution.  An  examination  of  the  blood  data  from  this  study  indicates  tha| 
the  w’hole  blood,  plasma  and  erythrocyte  P^‘  content  were  about  30% 
higher  in  the  animals  receiving  DCA.  Concentration  ratios  of  the  inorganic 
and  organic  fractions  in  these  animals  remained  essentially  the  same,  repre¬ 
senting  a  quantitative  increase  in  P®*  levels  in  the  blood.  An  increase  of 
approximately  35%  and  45%  in  the  thyroid  and  adrenal  P®‘  concentration 
ratios  respectively,  of  animals  receiving  DCA,  could  reflect  a  depressed 
rate  of  P*^  excretion  during  the  3  hours  prior  to  sacrifice.  However,  the 
pituitary  P®^  concentration  ratios  of  the  non-DCA  animals  were  approxi¬ 
mately  40%  greater  than  those  animals  on  DCA,  suggesting  that  the 
pituitary  response  to  the  experimental  conditions  described  was  unique 
and  was  not  related  .specifically  to  increased  retention. 

There  is  no  evidence  in  the  organic  and  inorganic  distribution  of  P®‘  in 
the  tissues  studied  to  .support  the  view'  that  organic  forms  of  P-^*  are  trans¬ 
ferable  across  cellular  membranes  or  are  influenced  in  passage  across  mem¬ 
branes  by  the  presence  of  DCA.  Recently  Courrier  et  al.,  (1951)  reported 
the  entry  of  tagged  thyroxine  equally  into  both  lobes  of  the  pituitary  of 
the  rat  two  hours  following  injection.  There  is  a  po.ssibility  that  a  more 
rapid  rate  of  inorganic  P^‘  entry  into  the  cells  would  permit  an  increased 
amount  of  P®‘  to  become  protein  bound  directly  within  the  cell. 

Franke  ei  al.,  (1951)  reported  that  adrenalectomized  rats  fed  2.0%  .saline 
as  drinking  w'ater  and  given  0.5  mg.  DCA  daily  for  8  weeks  exhibited  a 
mean  P®*  concentration  ratio  almost  double  that  of  the  latter.  When 
adrenalectomized  rats  were  given  0.5  mg.  DCA  daily  but  no  saline,  the 
pituitary  and  thyroid  showed  P®'  concentration  ratios  scarcely  different 
from  those  rats  adrenalectomized  but  receiving  no  DCA  or  saline  at  all. 
In  this  instance  it  would  appear  the  increased  sodium  chloride  in  the  diet 
in  the  pre.sence  of  DCA  was  responsible  in  adrenalectomized  rats  for  a 
considerable  increase  of  P®‘  concentration  ratios  in  the  pituitary  and  the 
thyroid  which  DCA  administration  alone  could  not  do.  The  heightened 
activity  at  the  pituitary  suggests  this  organ  may  have  been  active  in 
mediating  this  respon.se  in  the  absence  of  the  adrenals. 

The  increased  P®‘  concentration  ratios  in  the  pituitary  and  adrenals  here 
reported  after  hemithyroidectomy  and  recently  reported  (Boatman  et  al., 
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1951)  in  young  completely  thyroidectomized  rats  may  he  due  to  increased 
retention  of  resulting  from  increased  antidiuretic  activity  by  the 
posterior  pituitary,  increased  production  of  mineral  corticoids  by  the 
adrenal  cortex  or  disturbances,  in  the  interrelationship  and  antagonistic 
action  of  the  posterior  pituitary  antidiuretic  hormone  and  the  “salt 
regulating”  hormones  of  the  adrenal  cortex. 

SUMMARY 

Intramuscular  DCA  or  sesame  oil  was  administered  to  hemithyroidec- 
tomized  and  sham  operated  rats  for  thirty  days,  and  the  distribution  of 
radioiodine  in  terms  of  the  concentration  ratios  determined  for  the 
thyroid,  pituitary,  adrenals  and  blood.  The  radioiodine  trichloroacetic 
acid  soluble  and  insoluble  fractions  of  these  tis.sues  were  determined. 

While  most  tis.sues  showed  increased  P*'  concentration  ratios  following 
DCA  injections,  the  pituitary  P*'  concentration  ratios  were  decreased  witli 
DCA,  the  erythrocytes  of  the  DCA  treated  animals  had  an  increased 
per  cent  of  blood  radioiodine,  and  the  radioiodine  of  the  pituitary  and 
adrenals  of  DCA  treated  hemithyroidectomized  animals  was  largely  found 
in  the  acid  in.soluble  fraction. 

It  was  concluded  the  administration  of  DCA  increased  retention  of  P'^'. 
The  possible  mechanism  and  significance  of  these  findings  is  discussed. 
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NOTES  AND  COMMENTS 


TWO  TYPES  OF  BASOPHILS  IN  THE  RAT  PITUITARY:  “THYROTROPHS” 
AND  “GONADOTROPHS”  VS.  BETA  AND  DELTA  CELLS 

In  a  recent  paper  Purves  and  Griesbach  (1951a),  using  the  periodic  acid  Schiff 
(PAS)  method  for  the  demonstration  of  glycoproteins,  differentiated  two  types  of 
pituitary  basophils  in  the  rat  and  called  them  “thyrotrophs”  and  “gonadotrophs,” 
respectively.  Earlier,  we  had  distinguished  between  two  kinds  of  basophils  on  the  basis 
of  the  affinity  of  their  granules  to  aldehyde  fuchsin  (AF)  or  light  green  (Halmi,  1950) 
and,  in  accordance  with  the  terminology  of  Romeis  (1940),  called  the  AF  positive  cells 
beta  cells  and  the  ones  staining  only  with  light  green  delta  cells.  Purves  and  Griesbach 
expressed  their  belief  that  the  beta  cells  are  identical  with  their  “thyrotrophs”  and  the 
delta  cells  with  their  “gonadotrophs.”  It  is  the  purpose  of  this  note  to  clarify  further 
this  issue  and  to  point  out  the  excellent  agreement  between  our  findings  and  those  of  the 
New  Zealand  investigators. 

There  is  little  reason  to  doubt  that  in  conditions  not  involving  hj-persecretion  of 
thyrotrophin  (TSH)  delta  cell  is  indeed  synonymous  with  “gonadotroph”  and  beta  cell 
with  “thyrotroph.”  Both  delta  cells  and  “gonadotrophs”  were  depicted  and  described 
as  round  cells  located  chiefly  in  peripheral  parts  of  the  adenohypophysis,  which  are  more 
numerous  in  the  male  and,  in  case  of  sex  hormone  deficiencj',  give  rise  to  the  so-called 
“castration  cells.”  Estrogen  induced  regre.ssion,  as  seen  in  the  “gonadotrophs,”  was  also 
reported  for  the  delta  cells  (Halmi,  1951a;  Halmi  and  Bogdanove,  1951).  As  to  the 
“thyrotrophs,”  both  they  and  the  beta  cells  were  described  as  angular  cells  situated 
predominantly  in  central  areas  of  the  pars  distalis.  Purves  and  Griesbach  mention  the 
involution  of  the  “thyrotrophs”  under  the  effect  of  thyroxin  and  we  made  similar  ob¬ 
servations  on  the  beta  cells  of  rats  rendered  hyperthyroid  with  thyroxin  (Halmi,  1951a). 
The  New  Zealand  group  reports  that  low  doses  of  estrogen  have  no  effect  on  the  “thyro¬ 
trophs,”  whereas  higher  doses  lead  to  their  regression.  We  observed  in  accordance  with 
this  that  amounts  of  estrogen  which  wiped  out  the  delta  cells  almost  completely  in  32-35 
days  had  no  influence  on  the  beta  cells  (Halmi,  1951a;  Halmi  and  Bogdanove,  1951), 
while  higher  doses  or  more  prolonged  administration  led  to  a  decrease  in  their  number 
and  to  their  eventual  extinction  (unpublished  observations;  Clifton,  1951). 

Purves  and  Griesbach  regard  the  hyperplastic  and  vacuolated  basophils  (thyroidec¬ 
tomy  cells)  seen  in  hypothyroid  states  as  “thyrotrophs”  which  have  lost  most  of  their 
PAS  staining  material.  In  our  publications  the  same  cells  were  classified  as  delta  cells  on 
account  of  their  AF  negative  granulation  and  no  causal  correlation  was  sought  between 
their  appearance  and  the  accompanying  drop  in  the  beta  cell  count.  However,  recent 
observations  of  transitional  forms  between  beta  cells  and  thyroidectomy  cells  in  cases 
of  mild  hypothyroidism  have  convinced  us  that  at  least  the  majority  of  the  hyperplastic 
“basophils”  in  .states  of  thyroid  hormone  deficiency  stems  from  beta  cells  which  have 
hypertrophied  and  progressively  lost  the  electiveness  of  their  granules  towards  AF. 
Furthermore,  we  have  found  that  incomplete  replacement  therapy  in  thyroidectomized 
rats  partially  restores  the  AF-affinity  of  the  granules  in  some  of  the  thyroidectomy  cells 
and  thus  leads  to  the  appearance  of  large,  round  arid  sometimes  vacuolated  beta  cells 
similar  to  those  described  in  cold  exposed  rats  (Halmi,  1950).  We  have  also  encountered 
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Vacuolated 
Delta  Cells 


Fig.  1.  Relationship  between  types  of  pituitary  basophils. 
— >-transformation  in  case  of  thyroid  hormone  deficiency, 
-^-►restitution  by  thyroid  hormone. 

^-^transformation  through  vacuolation. 

^^-►change  in  response  to  sex  hormone  deficiency. 


the  large  granules  described  by  Purves  and  Griesbach  in  the  thyroidectomy  cells  of  long 
term  thyroid  deficiency.  They  stain  with  AF  only  after  prolonged  oxidation  with  hydro¬ 
gen  peroxide  and  are  tinged  otherwise  in  a  brilliant  shade  of  green  by  light  green.  We 
believe  them  to  be  identical  with  the  fuchsinophilic  droplets  depicted  by  Severinghaus 
(1936)  in  thyroidectomy  cells  (Figs.  7  and  9  of  his  paper). 

A  diagrammatic  presentation  of  the  relationship  between  “thyrotrophs”  and  “gonado¬ 
trophs”  on  the  one  hand  and  beta  and  delta  cells  on  the  other  is  given  in  Fig.  1,  which 
also  encompasses  their  responses  to  thyroid  and  sex  hormone  deficiencies.  It  illustrates 
an  interpretation  of  beta  and  delta  cells  identical  with  that  presented  by  Purves  and 
Griesbach  (1951b)  in  a  recent  note. 

The  harmonizing  experimental  results  obtained  independently  by  us  and  the  New 
Zealand  group,  in  conjunction  with  their  histochemical  data,  suggest  the  following  in¬ 
terpretation  of  pituitary  “basophils”  in  the  rat: 

a)  The  AF  positive  granular  material  of  the  beta  cells,  which  is  identical  with  the 
PAS  staining  granules  of  the  “thyrotrophs,”  is  very  likely  to  be  TSH.  This  view  was 
expressed  by  Purves  and  Griesbach  (1951b)  and  considered  by  us  in  connection  with 
the  effects  of  hypo-  and  hyperthyroidism  on  the  beta  cells  (Halmi,  1951a). 

b)  The  enlarged,  spherical,  poorly  granulated  and  sometimes  vacuolated  beta  cells 
seen  in  cases  of  mild  hypothyroidism  and  exposure  to  cold  are  cells  which  store  less  TSH 
owing  to  an  increased  rate  of  discharge. 

c)  The  thyroidectomy  cells,  which  are  largely  devoid  of  PAS  and  AF  positive  mate¬ 
rial  (not  considering  the  probably  non-hormonal  coarse  droplets),  and  contain  light 
green  staining  granules  which  prompted  their  classification  as  delta  cells,  are  “thyro- 
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trophs”  storing  little  or  no  TSH  but  probably  secreting  it  at  a  considerably  augmented 
rate.  The  identity  of  the  PAS  and  aniline  blue  or  light  green  staining  material  in  the 
pituitary,  which  was  somewhat  overemphasized  by  Purves  and  Griesbach,  does  not  hold 
for  these  cells. 

d)  Delta  cell  granules  which  give  a  strong  PAS  reaction  are  identical  with  the 
“gonadotroph”  granules  and  contain  gonadotrophin  or  at  least  FSH. 

As  to  the  respective  merits  of  the  PAS  method  and  the  AF-light  green  technique,  a 
simplified  version  of  the  latter  having  been  recently  devised  and  recommended  as  a 
routine  stain  for  the  pituitary  of  the  rat  and  the  mouse  (Halmi  1951b),  their  appraisal 
has  to  take  into  consideration  that  in  quantitative  studies  on  the  anterior  hypophysis 
a  differentiation  based  on  tinctorial  characteristics  of  the  granules  is  preferable  to  one 
utilizing  cytological  criteria.  AF  has  the  great  advantage  over  PAS  of  a  specific  affinity 
for  what  appears  to  be  TSH  containing  granulation.  Light  green,  on  the  other  hand, 
stains  both  the  granules  of  the  TSH-depleted  “thjTotrophs”  and  the  “gonadotrophs.” 
If  an  AF-light  green  technique  is  used  the  thyroidectomy  cells  and  castration  cells  have 
to  be  <listinguished  on  the  basis  of  the  cytological  features  discussed  by  Reese,  Koneff 
and  Wainman  (1943),  whereas  PAS  appears  to  differentiate  clearly  between  their 
granules.  It  can  be  concluded  that  the  technically  somewhat  simpler  AF-light  green 
method  distinguishes  adequately  between  thyrotrophic  and  gonadotrophic  “basophils,” 
except  in  thyroid  hormone  deficiency,  in  which  case  the  supplementary  use  of  the  PAS 
method  may  be  necessarj’  for  the  pro|)er  histological  assessment  of  the  functional  status 
of  the  pituitary. 

N.  S.  Halmi 

From  the  Department  of  Anatomy 
State  University  of  Iowa 
Iowa  City,  Iowa 
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